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ABSTRACT
During the last twenty years, the interest in all areas of 
ultrasound has increased dramatically. One area which has received much 
attention is in the assessnent of ultrasonic fields from transducers, 
particularly since the reporting of significant biological effects from, 
the power levels associated with medical diagnostic machines. Miniature 
probes or hydrophones have been found to be most suitable for making many 
of the field measurements required by researchers and technicians. This 
thesis is concerned with the design, construction and calibration of these 
hydrophones, specifically those using piezoelectric ceramic as the sensor.
A versatile ultrasonic test tank facility under computer control, 
was designed, developed and subsequently used in the assessnent of the 
design of hydrophones that were built. The development of constructional 
techniques and procedures (including element cutting and assessnent, and 
the use of batch construction), and measurement methods and procedures, 
allowed the systematic investigation of variables in the hydrophone design 
to be undertaken. The veil characterised hydrophones that resulted, have 
subsequently been used for a number of investigations (for example the 
propagation of ultrasound in inhomogeneous materials), which are reported 
briefly.
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INTRODUCTION
21. INTRODUCTION
1.1 The Use of Hydrophones
Applications of ultrasound are of a very diverse nature. They 
range from use in the home (burglar alarms and remote control units) via 
use in hospitals (blood flow meters, scanners), and industry (crack 
detection, material cleaning), to use by the Military (underwater 
warfare). An essential part of all these applications is the transducer, 
which converts electrical energy into acoustic waves propagating in the 
appropriate medium, and/or back from the acoustic wave to an electrical 
signal. In the development of all applications it is therefore necessary 
to be able to determine the ultrasonic field from a transducer and see 
whether it is consistent with what it should be for the application in 
hand.
There are two modes of ultrasound interaction and in both it is 
necessary to be able to make these ultrasonic field measurements. The 
first or "active" area is where ultrasound stimulates modifications in 
biological or chemical systems. To control or quantify these 
interactions, a knowledge of the absolute values of ultrasonic parameters 
is required. The second or "passive" area is in the use of ultrasound 
to investigate materials, by measurement of their ultrasonic properties. 
As examples, measurement of velocity and attenuation can give information 
on the material's elastic moduli, and microstructure.
The field measurements necessary vary with the application. For 
instance it is not always important to know the field amplitude, only to
know that the measurements are being conducted in a linear region. Many 
applications do, however, require knowledge of the fields' spatial and 
temporal distributions, since many of the transducers used are of finite 
size compared with the ultrasonic wave length, and this gives rise to 
diffraction effects vriiich can seriously compromise the measurements being 
taken, unless appropriate correction is made. For the correction to be 
realistic it must be based on some measurements of the field.
During the last twenty years the interest in all areas of 
ultrasound has increased dramatically. If we consider the application of 
ultrasound to biomedicine as an example, we can see how the interest has 
developed in terms of the number of papers published per year. In the 
early fifties the average was around sixty per year, increasing by 
approximately six per year, until suddenly in 1963 when the number 
suddenly doubled in a year to 254 (White et al, 1982). Significant 
increases occurred each year until in 1978 the number of publications was 
2354. There seams to be no reason to suggest that this growth has not 
continued. If we look at the area of instrumentation and related 
techniques which includes field assessment and calibration, we see that a 
similar pattern is followad. The few papers per year of the early 1950 's 
had risen to almost 200 in 1978.
It may be asked why there has been this dramatic rise of interest 
in biomedical applications, and more recently in instrumentation and 
related techniques. The main reason is probably the huge growth in 
clinical applications for which ultrasound can be used. The change for 
instance has seen the rise in diagnostic machines from typically a few per 
health region in the late '70s, to the present situation of a suite of 
machines in almost every hospital.
This development has no doubt been partly due to the enormous
advances in solid state circuitry and signal processing allowing portable
/
compact devices to be available which in turn has permitted their 
potential to be more fully explored. Associated with the now widespread 
use of diagnostic machines, has been the steady trickle of papers 
reporting significant biological effects from the use of diagnostic power 
levels of ultrasound. These have been reviewed recently by Dyson (1986). 
The quantity usually used for quantifying sound levels associated with 
biological effects, is the intensity, the measurement of which has 
dramatically increased the interest in miniature ultrasonic probes 
(hydrophones) and radiation force balances. These devices are the most 
practical and convenient methods of measuring intensity. In fact four 
different intensities can be defined. These are ISATA ISPTP ISATP and 
ISPTA. For the measurement of the spatial peak and temporal peak 
intensity a small probe (i.e. a hydrophone) of flat frequency response is 
required to make reliable measurements. Many other areas of research 
have also required the hydrophone, for instance the determination of 
spatial distributions in the development of linear array transducers.
Although a number of different miniature probe devices had been 
mentioned in the literature, no systematic study of their potential as 
measuring devices, seams to have been undertaken before the work of Walton 
and colleagues at the University of Surrey in 1978. This coincided with 
commercial availability of hydrophones, whose performance was totally 
uncharacterised.
1.2 Outline of the Thesis
It was thus felt useful to explore the manufacture of such probes 
in a reasonably systematic manner. The control of the design and 
construction appears to be the most significant factor. In fact it
becomes apparent that the control of design and construction cannot be 
evaluated without the development of a comprehensive series of calibration 
procedures.Although these two aspects of control and evaluation are 
obviously interrelated it is easier to discuss than individually.
The literature search of Chapter 2 attempts to do this by 
investigating separately: the methods of detecting ultrasound, the design
of probes, and the methods for evaluating their performance. The first 
tentative steps in using this information practically are reported in the 
Pilot Study of Chapter 3. In this investigation, the recommendations 
of Walton et al (1977) to use electrical buffering in the design were 
followed. By the end of the Pilot Study it was decided that, for a 
number of reasons, the buffering should not be included.
During the Pilot Study different methods of probe construction 
were attempted, including consideration of element cutting and mounting, 
and the making of electrical contacts. The object was to find processes 
that were relatively simple, yet as reliable as possible. It was found 
that a single probe still required many hours to construct, spread over 
three or four days, and it could still develop a fault in an early stage 
of its construction. Methods of calibrating and assessing the probes 
were also attempted.
The experience gained gave rise to the idea of constructing batches 
of hydrophones, with a difference of only one of the many variables 
between batches, to test systematically the different elements of the 
design. A procedure was developed which allowed all the hydrophones in a 
batch to be constructed together, one stage at a time, and for testing to 
be carried out between certain stages to reduce wastage. A minimum 
assessment procedure was drawn up to test the completed hydrophones. If
achieved by hand, this assessment would have been very time consuming,
particularly when comparisons within batches and between batches had also
/
to be undertaken.
The solution adopted was to automate the assessment and calibration 
procedure, by designing and using a purpose built test tank (Chapter 4), 
and test equipment under computer control (Chapter 5). This not only 
speeded up the measurements, but also allowed much greater experimental 
precision. A complete digital record of each hydrophone's performance 
could then be kept, readily allowing further processing and comparison of 
results, using a specially developed software suite (Chapter 6).
The systematic construction of probes in batches is discussed in 
Chapter 7. The parameters of disk material, size and backing were then 
varied to give differences between batches. The need for reproducible 
element geometry had not apparently been considered previously in
commercial devices. Three batches of five hydrophones each were 
constructed, and the results of the assessment procedure and comparisons
between batches are reported in Chapter 8.
The results obtained indicate clearly that reasonably reproducible 
probes can be made as far as their frequency response U- concerned, 
although there is still some uncertainty in achieving reproducible 
directivity pattern.
The probes developed in this work have been used in a number of
significant developments in the scientific understanding of ultrasonic
propagation in inhomogeneous materials including human tissues. Those in 
which the author has to some measure contributed, are briefly discussed in 
Chapter 9. The thesis concludes with a review of the specific
achievements gained from this work, and work that is outstanding for the 
future. However, the starting point has to be a review of the 
appropriate literature which is to be found in the next chapter. '
CHAPTER TWO 
ULTRASOUND TRANSDUCTION
92. ULTRASOUND TRANSDUCTION
2.1 The Elements of Transduction
In the introduction of Chapter 1, the requirement for a reliable 
method of assessing ultrasonic field structures was introduced. The use 
of a miniature ceramic probes or hydrophones for this purpose was then 
suggested. This chapter reviews the detection methods available and 
identifies probes which have piezoelectric material for the sensitive 
element as offering great potential. The models used for fields and 
transducers appropriate for the detection of ultrasound by piezoelectric 
probes is then reviewed, followad by techniques of probe evaluations. A 
final section then investigates published details of practical probe 
designs, identifying any details that may be relevant to the construction 
of the probes.
2.2 Detection Methods
This section investigates the range of mechanisms by which 
ultrasound may be detected. It attempts to identify techniques and 
materials that may be appropriate for constructing receivers suitable for 
the investigation of ultrasonic fields. The main areas are: 
magnetostriction, acoustoelectricity, electrostatics, electromagnetics, 
optics, and piezoelectricity,
2.2.1 Magnetostriction
Magnetostriction is the mechanical deformation of material placed 
in a magnetic field and occurs in most ferromagnetic materials. Two 
classes of the phenomenon are recognised, linear magnetostriction and
10
volumetric magnetostriction. In the latter case the deformation occurs at 
constant volume. Linear magnetostriction gives rise to much greater 
deformation and occurs only at temperatures below the Curie point of the 
material. A polarising magnetic field is required so that there is a 
direct relationship between the elastic distortion and the received field 
(or drive field in the case of a generator - see Silk, 1984)
Blitz (1963) and Wells (1977) both describe a magnetostrictive 
hydrophone consisting simply of a rod of nickel of length equal to an 
integral number of half wavelengths. The polarizing magnetic field is 
applied by a solenoid near the middle of the rod and a second solenoid at 
the end of the rod picks up the ultrasonic signal. The solenoid end of 
the rod may be dampened with absorbent material to broaden the frequency 
response of the hydrophone. The opposite end of the rod acts as the 
'sensitive element', as the rod, except for the tip, is enclosed in 
plastic. The hydrophone is quoted as being useful for measurements in 
ultrasonic fields at frequencies up to about 0.5 MHz. This upper limit 
seems only to be derived from the diameter of the nickel rod (e.g., 0.5mm) 
in terms of upsetting the ultrasonic field. There is no mention of the 
problems which affect magnetostrictive transducers and so may affect the 
performance of this type of hydrophone, i.e., temperature, eddy currents, 
flux leakage, hysteresis.
Originally only ferrous metals and their alloys were available as 
magnetostrictive materials, but these were later superceded by ferrites, 
which are ceramics exhibiting magnetostrictive properties. Being 
non-metal lie, they have the advantage that eddy-current losses are 
negligible. More recently, rare earth-ferrous metal alloys have been 
developed (Clark & Belson, 1972) which exhibit giant magnetostrictions and 
can thus support strains of two orders of magnitude greater than the more
11
traditional materials. However, since the sensitivity of the device 
depends upon the rate of change of strain with magnetic field rather than 
total strain, these newer materials are not such an advance over the older 
ones as they might at first appear. During the last few years, 
magnetostrictive amorphous alloys have been produced , which appear far 
more promising, having electromechanical coupling factors as high as 0.98 
(Livingston, 1982) (compared to 0.3 for the ferrous metal nickel). At 
present, these materials appear to have been used only in displacement 
transducers (Garshelia, 1980).
2.2.2 Acoustoelectric devices
The acoustoelectric effect is the interaction of acoustic waves 
with electrons in the conduction band of a semiconducting crystal. This 
effect was first discovered in germanium crystals (Weinreich, 1957) but it 
was later discovered that a far stronger coupling between the acoustic and 
electric fields occurred in piezoelectric semiconductors. The early 
research into this effect was predominantly directed towards obtaining the 
amplification of ultrasonic waves, usually centered around the use of 
cadmium sulphide single crystals (e.g., Hutson, McFee & White, 1962).
The acoustoelectric effect was first used to measure ultrasonic 
power by Southgate in 1965 who emphasised the particular advantages of 
this method for attenuation measurements, where the detected wavefront is 
not necessarily plane. In fact transducers using the acoustoelectric 
effect are phase insensitive as it is the electrons within the conduction 
band of the semiconductor which are affected by the flux of acoustic 
power. This exerts a force on these electrons and sets up a D.C. electric 
field within the crystal from which the potential difference can be 
monitered. Practical devices use the photoelectric properties of cadmium 
sulphide and require illumination, usually with a tungsten lamp (e.g.,
12
Lamer 1969).
As these devices are phase insensitive, their directional response 
should be far flatter than that of a piezoelectric transducer of the same 
size. This indeed was found to be the case (Heymann, 1978). A 
comparative study between piezoelectric and acoustoelectric receivers 
(Busse & Miller, 1981) found that their sensitivities to plane waves were 
comparable, but that the broadband response for the acoustoelectric mode 
was found to be flatter over the frequency range 2.5 - 9.5MHz. Few
details of the broadband response measurements were given.
Acoustoelectric devices have been successfully used for both 
medical (Busse et al 1975) and flaw detection applications (Contrell Jr. 
et al, 1980), but do not yet appear to have been developed as miniature 
probes. The lack of temporal response is potentialy a significant 
disadvantage.
2.2.3 Electrostatic devices
The electrostatic transducer is basically a capacitor, where one 
plate is kept stationary and the other is displaced by reflection of an 
ultrasonic wave at its surface, i.e., there is a change in the charge 
carried by the capacitor as the distance between the electrodes varies. 
There are two forms of the device, one which uses an airgap and the other 
a dielectric, often in the form of a polymer film, between the plates. 
The airgap transducer, (eg. see Meeks et al, 1971) has the advantage of 
having a far flatter frequency response up to a much higher frequency than 
ceramics. It has disadvantages in that the air gap is only 20 microns, 
placing high constructional tolerances (e.g., dust must be excluded to 
stop electrical breakdown). Also, the maximum pulse duration is limited 
by the thickness of the moving electrode. Dielectric transducers (e.g.,
13
see Clark, 1981) have further uncertainties as the dielectric has to be
chosen so that the dielectric constant is not appreciably frequency
/
dependent. The material should also not be greatly affected by changes in 
pressure, temperature or humidity. Electrostatic devices seen more
destined to be used as precision laboratory standards for relatively high 
power pulsed fields (their sensitivities are a few orders of magnitude 
below that of resonant piezoelectric devices). Curtis (1974) has found 
though, that by polarising a dielectric device, the sensitivity can be 
greatly improved. Curtis postulated that this improvement was due to 
electret action between the plates.
2.2.4 Electromagnetic transducers
The electromagnetic transducer or EMAT techniques are a method 
generating and detecting ultrasound by measuring the emf induced in a 
sensing coil by eddy currents in the surface of an electrically conducting 
material. The eddy currents are produced when an acoustic wave interacts 
with a steady magnetic field. The conductor is situated between the poles 
of a powerful magnet, which are usually rare-earth-cobalt * magnets, noted 
for their compactness and reproducible characteristics.
EMAT transducers are at present mainly finding application in flaw 
detection (Legg & Meredith 1970), surface acoustic wave generation and 
detection (Szabo and Frost 1976) and high temperature non-contact use 
(Cole, 1978). These transducers can be used to generate or detect 
ultrasound over a wide frequency band, with a flat frequency response.
The sensitivity of these devices depends upon the number of turns in the 
sensing coil, the strength of the magnetic field and upon the material 
under test. The need for a large number of turns in the coil tends to give 
them very poor spatial discrimination.
To detect ultrasonic waves in water, a similar technique to the 
electrodynamic effect, has been used by Filipczynski (1967)• This effect 
is produced when a current carrying ribbon in a steady magnetic field is 
set in motion by the passage of an ultrasonic wave, thus inducing an emf 
in the coil. Filipczynski used a perspex block onto which was evaporated 
ten turns of aluminium 2 microns thick. This coil in the field of a 
powerful magnet produced an output independent of frequency up to 2 MHz. 
Unfortunately the sensitivity is low, but this has been inproved by Frost 
and Stewart (1978) (to 20-30 dB below those of piezoelectric transducers) 
by utilising rare-earth cobalt magnets. Again the major disadvantage of 
trying to use this type of mechanism as a miniature probe is the poor 
spatial resolution that is inplied by its construstion.
2.2.5 Optical methods
2.2.5.1 Diffraction
The propagation of an ultrasonic wave is associated with changes in 
the density of the supporting medium. In a transparent medium, these 
variations in density lead to variations in refractive index, and it is 
the relationship between refractive index and the intensity of ultrasound 
travelling through the medium which forms the basis of the Schlieren 
method for the visualisation of ultrasonic disturbances. Several 
Schlieren systems have been described in the literature, and they have 
been compared by Wells (1973). The systems suffer from physical processes 
which complicate the image and as Wells concludes: "the systems are
generally useful only in so far as they give qualitative impressions of 
the extent of the field variations of intensity within the field. 
Quantitative analysis of the Schlieren image is extremely difficult, and 
is really only manageable when the ultrasonic field shape is very simple".
A much more recent development is the application of tomography to
light diffraction techniques (Reibold & Molkenstruck, 1984). They have 
used a tomographic reconstruction (filtered back projection with discrete 
convolution) to determine the complex pressure (ie. amplitude and phase) 
of the ultrasonic wave in planes through an ultrasonic beam. The paper 
mentioned compares results of 2-D scans of a 3MHz transducer using a 
Schlieren system with reconstruction, with a 1 irm. diameter conventional 
hydrophone. Good agreement is achieved, with finer resolution from the 
Schlieren system. Practical problems with the Schlieren system are 
mentioned, for instance, accurate temperature measurements to 0.01 degrees 
centigrade requiring interpolation of the data, and a very stable 
frequency generator. No mention is made of the experimental complexity, 
computational complexity or the computer resources required, but it can be 
estimated that these are great.
2.2.5.2 Interferometric techniques.
Laser interferometric techniques are well established as a means 
for measuring small displacements, and have been recently extended to 
holographic imaging. Most techniques are based on the Michelson 
Interferometer where a beam of light is split into two parts, one of which 
interrogates the surface under examination, while the other is reflected 
from a reference mirror before the two beams are recombined to form an 
interference pattern due to the relative phase shift between the two 
beams. The fringes in the interference pattern move if the surface under 
examination moves, producing a change in the output of a photodetector, 
which can detect a movement of a fraction of a fringe.
The advantages of this system include: a flat frequency response,
absolute calibration is possible and a small area can be interrogated. 
Problems encountered are due to temperature variations and mechanical 
variations. These can produce a fringe shift far greater than that due to
16
the displacement caused by the acoustic wave, though ways around this have
been developed (Uchino et al 1982). Other aspects of these systems
/
require an optically flat area to image or reflective membrane (Mezrich et 
al 1975), and so it can be appreciated that these and diffraction methods 
are complex precision laboratory techniques.
2.2.5.3 Fibre optic devices
A recently developed technique for the detection of acoustic 
vibration involves the use of optical fibres. Interferometic principles 
provide a sensitive method of measuring the phase shift due to changes in 
refractive index, when an ultrasonic wave interacts with a coiled fibre. 
These systems are very directional and have a sensitivity which is nearly 
independent of frequency and can be as high as that of a piezoelectric 
device (Cole et al 1977). Hydrophones produced in this manner are 
affected by changes in temperature, pressure and "signal fading" (due to 
rotation of polarization in the fibre). Techniques have been found to get 
around these problems (Takahashi et al 1984), but at the expense of 
increased complexity. As with the other optical techniques, a precision 
laboratory set up (including optical bench) is required.
2.6 Other Techniques (not including piezoelectricity)
The techniques available using radiation pressure and caloerimetry 
have been well reviewed by Wells (1977). Radiation pressure techniques
have been predominantly focussed on balances, where the vector force 
associated with radiation pressure (which is proportional to ultrasonic 
power) is used to deflect one arm of a balance.. Many
instruments have been described for measuring ultrasonic power, and their 
precision depends chiefly upon the effectiveness of the absorber, although 
uncertainties in the temperature of the water have a minor effect. 
Measurements of power levels down to about a milliwatt have been reported
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with accuracies of about 5%.
/
Calorimetric techniques require the complete absorption of an 
ultrasonic beam (ie. all the energy converted to heat) in a calorimeter, 
and then the measurement of this heat energy. Care has to be taken that 
heat due to inefficiencies in the ultrasonic transducer are not absorbed 
by the calorimeter. This technique also measures ultrasonic povrer. Other 
"heat" techniques include the use or thermistor and thermocouple probes. 
Both these probes suffer from excessive time constants and so cannot be 
used to investigate rapid changes in ultrasonic intensity.
The most recently developed technique to detect ultrasound has 
grown out of the push for "fifth generation computers" and their 
associated peripheral devices. The development of the so-called "smart 
sensor" has a signal processing circuit on the same semiconductor wafer as 
the sensor itself. One such device uses a cantilever etched from silicon, 
of dimensions severals tens to several hundreds of microns in length and a 
few tens to a few hundred microns in width (Ohteni et al 1984). At 
present this device has been shown to respond to ultrasound up to a 
frequency of 150 KHz. Further wafer based sensors are likely to be 
developed with associated circuitry for at least amplification and 
impedance matching. Sensor arrays, which are as easy to fabricate as 
single sensors, will then become more comnon.
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2.2.7 Piezoelectricity
/
In 1880 the Curie brothers discovered the piezoelectric effect. 
They observed that when certain materials were deformed, electric charges 
were produced at their surfaces. Later the inverse effect was observed in 
which the same materials were found to deform when placed within an 
electric field. Quartz is the best known of a number of naturally 
occuring minerals that exhibit piezoelectricity. These materials have an 
asymmetry inherent in their crystal structure, which leads to a 
redistribution of the charged elements in the lattice when the crystal is 
subjected to pressure. The net result of this is the appearance of 
charges on the surface, and this process forms the operation of an 
ultrasonic receiver. If the material is placed in an electric field, the 
attraction of the lattice elements of the crystal will again be 
asymmetric, resulting in a net deformation of the crystal. This is the 
basis for an ultrasonic generator, which Wood and Loomis pioneered in 
1927.
Crystals are cut, to produce a transducer plate, relative to their 
crystallographic axes. Depending on the axis chosen, the deformation 
will be maximised as either a thickness expansion or a shear displacement. 
Quantitatively, the distortion of the material under an applied electric 
field is described by a number of piezoelectric moduli d^ , where the 
subscripts describe the direction of the electric field and the 
distortions. The moduli d.t are often referred to as a single constant 
(the transmitting constant) even though the constant is actually a tensor. 
To characterise a piezoelectric material the following four constants are 
often used:
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where S is the strain, E is the electric field, D is the electric 
displacement and T is the stress. The suffix after the brackets refers to 
the quantity held constant. Of these four parameters, the one most 
relevant for estimating the merit of a material as an ultrasound receiver 
is g, sometimes known as the receiver constant.
This constant, as well as the others defined above, is a tensor
gtj , where i and j refer to the directions of the electric field and the 
stress respectively. The following discussions are almost exclusively 
concerned with the case where the ultrasonically induced stress acts in a 
direction parallel to the electric field, i.e., the thickness mode, where 
the relevant constant is g?3 . Only where other modes of vibration may be 
introducing a small secondary effect will other modulii have to be 
considered.
It would seen desirable for a receiver to have a large value of g.
In fact other material constants have to be considered. The piezoelectric
constants d and g are related to the dielectric constant by:
T
where e is the dielectric constant when the transducer material is 
allowed unrestricted movement (as opposed to being clamped) when 
responding to an applied field.
d/g = eT 2.2
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For a receiver operating at low megahertz frequencies, it is found 
that the dielectric constant needs to be large to minimise the relative
circuit of the receiving amplifier. For this reason, a large value of E 
may in practice be a more desirable attribute of a receiver than a larger 
value of g. To aid in comparing materials to be used in receivers 
Callerame et al (1979) defined a receiver parameter RP:-
density, ^j-S the dielectric constant under conditions of constant strain,
coupling factor for thickness mode operation. Unfortunately not all these 
constants are reported for newly investigated materials, making comparison 
reliant on the g constant. Transducers utilizing piezoelectric material 
are now considered; first those using single crystals, then ceramics, 
composites, polymers, and thin film devices.
2.2.7.1 Single Crystals
Single crystals have been used as ultrasonic receivers (Blitz 1963) 
but were readily superceded by piezoelectric ceramics because of the ease 
of shaping and greater piezoelectric stengths, etc. In the last decade, 
however, there has been renewed interest in single crystals. The majority 
of the research has been directed towards either the production of 
materials which can be used at high frequencies (in excess of 50 MHz - 
Neppiras, 1973) or efficient materials for use as surface acoustic wave 
devices (Whatmore 1980), particularly those used for signal processing 
(Pointon 1982). Some of these crystals, for example Lithium Iodate, have 
very high g constants but have been found to have a dielectric constant 
strongly dependent upon frequency (Warner et al 1969). Single crystals
shunting effect of the capacitance of the connecting cable and the input
RP
t is the thickness of the piezoelectric element and K_ is the piezoelectric
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appear unsuitable for the present application not only because of 
geometric constraints, but also because of their non-linear frequency 
response.
2.7.2. Piezoelectric Ceramics.
The piezoelectric properties of certain ferro-electric materials 
can be enhanced by placing the material in a suitably large electric 
field. The resulting domain alignment gives rise to the ceramic materials 
having greater values of electromechanical coupling than exist naturally. 
Typical values of the electric field required are a few thousand volts per 
centimetre, and the process is known as polarisation or poling. The 
poling process is aided by the use of a higher than ambient temperature 
since this reduces the resistance to domain rotation. The temperature 
used is slightly above the 'critical temperature', often called the 
'Curie' temperature, where the material undergoes a major phase change 
losing its piezoelectric properties. The simplicity of poling makes these 
ceramics an attractive option as the material can be machined and then 
re-poled to recover the piezoelectric properties.
The range of relevant piezoelectric parameters for ceramic
materials has far less variation than for single crystals. The two most
sensitive ceramics located (Lane et al, 1974 and Luff D. et al, 1974) had
a g value of 0.068 Vto/N which compares quite well with commercial ceramics
r*
eg. PZT7A, g = 0.04 Vto/N (Vernityon, 1976). It appears that despite recent 
research into piezoelectric ceramic materials, there has been no great 
improvement in receiver related piezoelectric constants for the 
commercially available ceramics. The research appears to have been 
directed towards obtaining ceramics with low temperature coefficients of 
frequency (Tapenchi M. et al 1980) or with high power handling 
capabilities (Nishida M. et al 1980). The appraisal of piezoelectric
ceramics seems complicated by the dependence of the the characteristic not 
only upon the chemical composition but also upon the grain orientation 
(Granahan et al 1981), the grain size, and upon the porosity of the 
ceramic (Ohazaki & Hagata, 1973)
Commercial ceramics come in very convenient dimensions for
miniature probe construction, e.g., 10mm. disks of 0.1 mm. thickness.
They can also have electrodes deposited and are already poled. The main
disadvantage of ceramic materials is their acoustic impedance mismatch
with that of water. If we consider the standard text book treatment of
reflection and refraction at a plane surface (eg. Wells, 1977) we see that
the intensity transmittivity (I /I ) i.e., the transmitted intensity wave
t i
from water into PZT at normal incidence is:
4  z z 9 /t = ' w p ~  2.4
I. (Z +Z ) 
l w p
where It and l£ are the transmitted and incident intensities and where Zw
and Zp are the acoustic impedances of water and PZT respectively. Zw/Zp 
is about 0.05, giving the intensity transmittivity of about 0.18, 
i.e.,only 18% of the incident intensity is transferred into the PZT. This 
obviously seriously reduces the efficiency of a ceramic probe, which is 
fortunately compensated for by the high value piezoelectric constants.
2.2.7.3 Composite Materials
Composite materials are systems of several phases, usually two, one 
of them ferroelectric and the other non ferroelectric, combined according 
to some rules. For a two phase system, ten patterns of 'connections' are 
possible, ranging from 0-0 unconnected system to the 3-3 configuration 
where both phases are self connected along the three dimensions. Each of 
these structures exhibits different piezoelectric behaviour, since 
'connectivity', i.e., the 'connections', controls the electric flux and
mechanical properties. Using a material of high compliance interspersing 
the piezoelectric material has the effect of broadening the bandwidth 
(by lowering the mechanical Q), lowering the density (which increases 
the acoustic coupling) and increasing the piezoelectric g constant well 
above that of PZT. In fact, by choosing the connectivity, the materials, 
and the physical structure, materials with a range of piezoelectric 
constants can be designed. Some of the structures that have been used 
are:
a. PZT rods embedded in an epoxy or silicone rubber matrix (Gururaja 
et al 1981)
b. PZT honeycomb (formed by sintering) injected with silicone rubber 
(Nagata et al 1980)
c. A compact PZT block perforated in one or two directions and polymer 
backfilled (Safari et all 1982)
A review article by Meniola and Jimenez (1984) gives an indication 
of the range of piezoelectric properties that can be obtained with 
different composites /connectivities. No indication is given of 
piezoelectric constants other than that of the thickness mode. It is 
quite likely that transverse modes are considerably reduced, thus giving a 
distinct advantage over PZT in hydrophone construction. Unfortunately 
composites were only just starting to be developed when this work began, 
and so could not be considered for probe usage. Interestingly, to the 
author's knowledge, no hydrophone has been constructed using a composite. 
This may be due the fact that no manufacturer has produced a well 
controlled appropriate composite. Further information on the difficulties 
of composite fabrication are given by Silk (1984).
2.2.7.4 Piezoelectric Polymers.
It has been known for some time that many organic materials possess
piezoelectric properties, for example, wood and silk (Fukada, 1956). The 
effect however is small and it was not until 1968 that a practical
microphone was demonstrated by Fukada using a high polymer film. The 
polyner Fukada used was still very inefficient and it was not until Kawai
(1969) identified uniaxially stretched polyvinylidene difluoride (PVDF) 
that a polymer material was available that was suitable for ultrasonic 
transducer construction. The material has to have electrodes evaporated 
on to both sides, and to be polarised in a manner similar to piezoelectric 
ceramics.
The piezoelectric properties of PVDF vary considerably with
preparation methods but the highest g values obtainable seem to be about 
0.3 W/N. The relatively high value of the piezoelectric g constant is 
offset by the thickness of the polymer film material, typically 10-50 
microns, which renders transducers
made of this material less sensitive than those made from a piezoceramic. 
The advantage of using a thin film is that since PVDF devices are usually 
operated far below their fundamental resonance frequency, their frequency 
response is very flat.
The disadvantage of low sensitivity mentioned above is almost 
compensated for by the small acoustic mismatch of PVDF with water. This 
brings the overall efficiency of a PVDF probe close to that of a PZT
probe. Referring back to equation 2.1-, the acoustic impedance ratio of
water to PVDF, Zw/Zp would typically lie in the region of 0.4 giving a 
transmittance factor of about 0.8, in comparison to 0.18 for PZT. Other 
piezoelectric constants that require to be mentioned are the low relative 
dielectric constant (PVDF : 6, c.f., PZT : 600) and the low sensitivity
for vibration modes other than the thickness mode. PVDF thus has many 
advantages over ceramic material for the construction of probes. Its only
disadvantage of low sensitivity may soon be a thing of the past with the 
current interest in another piezoelectric polymer, vinylidene 
fluoride-trifluoroethylene copolymer (Yamada 1982) which has a higher 
value of the coupling constant. Further information comparing polymers 
with ceramic can be found in two papers (Callerame et al 1978 and Lancee 
et al 1985), though they are biased towards transducers rather than 
probes. PVDF was beginning to appear as a most suitable material for 
probes when this work was started, however external constraints caused 
attention in the present work to be focused only on the potential of 
ceramics in hydrophone construction.
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2.3 Transducer and Field Models
Few references are to be found directly relating the response of 
miniature ultrasonic ceramic receivers to theory. Information has to be 
gleaned from two main sources. The first is the theoretical modelling of 
transducers particularly used for NDT. The models usually utilise 
transmission-line analogues in which the electromechanical properties of 
the system are evaluated by means of electrical network concepts. 
Examples of this include the equivalent circuits of Mason (1948) and the 
more recent KLM (Leedon et al, 1971) model, which uses a centre-tapped 
transmission line to model acoustic wave propagation. The application of 
these models is useful in transducer design, particularly acoustic 
matching, backing layers and bonding.
The second source of information comes from the requirement of 
experimentalists accurately to measure the absorption and velocity of 
ultrasound in a medium. In this situation complications arise from the 
diffraction that occurs when transmitting and receiving transucers are of 
finite dimensions (Seki et al, 1956). The diffraction corrections that 
are used come from attempts to produce exact, approximate or numerical 
solutions to the acoustic problem of calculating the field from a radiator 
(usually a piston source) . From this has stormed the comparison of the 
directional response of transducers (and more recently receivers, assuming 
reciprocity), of the theory with experimental results. This section 
reviews the literature relevant to the design of hydrophones, implicit in 
this is the comparison of actual probe response with ideal probes (ie. 
calculation of theoretical responses from analysis). An attempt has been 
made to identify theoretical models, rather than just the relevant disk 
case, which may lend to further undestanding of practical probe response. 
Specific comments related to a particular design of probe e.g. use of
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pre-amplifiers, effect of cable etc., and to the "text book theory" of
hydrophone operation, are to be found in Chapter 3.
2.3.1 Simple transducer models
The simplest approach to modelling ultrasonic transducers is that
of largely ignoring the piezoelectric and electronic properties and
concentrating on the ultrasonic properties of the device. This enables 
the transducer to be treated as a simple layered device and its likely
pulse performance can be estimated by considering successive delta 
function reflections from the various boundaries of the model. Basically 
the partition of energy at any boundary is calculated from the usual laws 
governing reflections at normal incidence. An allowance, however, has to 
be made for the transmitter/receiver where the partition of energy at the 
boundaries of the piezoelectric material indicates that the surfaces of 
both the piezoelectric and immediately neighbouring materials are moved by 
the application of the driving pulse. An example of this approach, is 
given by Smith and Awajobi (1979). They calculate the theoretical echo
of a transducer, investigate the effects of: backing, quarter-wavelength 
matching and electrical tuning, and compare theoretical results with 
practical probes. Other authors (Bainton & Silk 1980 and Sayers & Tait
1984) have used this simple model to further investigate backing materials 
for transducers. These results are discussed later, in their application 
to probe design (see section 7.1).
The Smith & Awajobi approach mentioned is essentially a one 
dimensional model, utilising the laws governing normal incidence
reflections. Though the laws for oblique incidence on the boundary
between two isotropic materials have been known for some time, 
piezoelectric ceramics are essentially anisotropic, leading to a greater 
degree of complexity. Noorbehesht and Wade (1980) have investigated the
effect of elastic wave obliquely incident on piezoelectric materials (from 
water). They have calculated the variations of compressional and shear 
wave velocities with angle of incidence from the piezoelectric equations. 
From these they derived the complex shaped, transmission and reflection 
coefficients, for a range of piezoelectric ceramics. It does not appear 
that these results have been incorporated in any models.
2.3.2 Electronic analogue transducer models
Two considerably more accurate approaches to the modelling of 
ultrasonic transducers are due to Mason (1948), and recently Krumholtz, 
Leedom and Matthaci (1970) known as the KLM model. These approaches 
develop an electronic analogue which has the same properties as the 
transducer being modelled. The acoustic elements of the transducer are 
reduced to electronic equivalents and the overall performance of the 
devices is then predicted from the interaction of this circuit with the
driving pulse via the intermediary of the electronic properties of the
driving and amplifying circuitry. The models rely fundamentally on the 
use of the transmission line analogy to acoustic wave propagation and are 
fully described by Silk (1984). A recent paper by Persson and Hertz 
(1985) shows the potential of the Mason model being used to predict the 
properties of a transducer before its experimental realisation. An
example of the use of the KLM model to design a specific probe and then
remodel the probe that was constructed, is provided by Bainton et al 
(1981) . This shows the slight advantage of the KLM model in that it is 
easier to interpret the effects that modifications have to the electrical 
model. Of special interest though, is the approach by Kossoff (1966) 
whose variation of the Mason model deals explicitly with separate 
transmitting and receiving functions. The author is not- aware of any 
applications of this specifically ultrasonic receiver modelling.
Though the Mason model and the KLM model have demonstrated their 
power in transducer design, they do have some limitations. For example, 
physical elements, which relate to known electrical parameters, must be 
identified. This is not always possible e.g.,for the case of a 
thickness-mode transducer, which incorporates a negative capacitance in
its equivalent circuit model. This is unlike any real circuit element. 
In addition, unless relatively simple cases are considered, physical
insight into the system's behaviour is often obscured by electrical
circuit topology and mathematical complexity. Also no account is taken 
of diffraction spreading (i.e. an ultrasonic beam spreads out as it passes 
through any medium, and the spreading is frequency dependent) or of 
parasitic modes of vibration (which give rise to Lamb waves in the
transmitting elements). (It is possible though to include diffraction 
corrections to extend the electronic analogue models).
An alternative approach to transducer modelling has been proposed 
by Haywood (1984). This technique, in which the transducer is modelled 
as a linear, positive feedback system, eliminates many of the 
disadvantages of equivalent circuit treatment. The device is represented 
by a block diagram in which each block describes a specific process in 
terms of a transfer function which may describe ratios of 
interdisciplinary quantities. As a result, the significance behind each 
process within the transduction system is readily observed, and by 
analysing individual blocks, their influence on the overall transfer 
function may be determined.
Hayward, MacLeod and Durreni (1984) use the systems model to 
include secondary piezoelectric action and, to compare computer 
simulations with experiment. This approach requires the development of 
separate transmitter and receiver models, but does not allow for
multilayered transducer structures. A far more general approach has only 
recently been developed by Hayward and Jackson (1986), which extends the 
systems model to include multilayered transducers. The lattice model 
uses a bidirectional lattice to describe mechanical wave propagation and 
continuous transfer functions to represent the electrical parameters. A 
few examples comparing computer simulation with experimental results show 
close agreement.
2.3.3 Prediction of radiated fields
The problem of acoustic radiation by a vibrating elastic body 
submerged in a fluid medium is, in the general case, very complex. The 
pressure field calculation requires simultaneous solution of the acoustic 
wave equations in the elastic body (vibrational problem) and in the 
surrounding medium (acoustic problem) both having the same boundary 
conditions (Copley, 1967). Delannoy et al (1979) address this problem:- 
"The analytical description of the acoustic problem is given by the 
Helmholtz-Kirchhoff integral equation, which represents a conservation law 
for the wave energy flux that passes through a closed surface. It states 
that a rigorous calculation of the acoustic pressure value in an arbitrary 
field point requires simultaneous knowledge of distributions of the 
acoustic pressure and its normal derivative (normal component of 
acceleration) on a closed surface, one part of which is the surface of the 
source. In the general case, the definition of these distributions is 
not easy, due to the reciprocal influence of the radiated wave and the 
source internal structure.
The problem becomes less complicated when the assumption of an 
infinite rigidness of the source surface is made, thus excluding any 
modification of the surface acceleration distribution that could be 
produced by the field acoustic pressure. When the acceleration
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distribution is assumed to be known, the pressure distribution on the 
source surface is calculated from the singular version of the 
Helmholtz-Kirchhoff equation, which in this case has the form of a 
zero-order Fredholm integral equation of the second kind. In most cases, 
its solution is not analytical and involves the numerical resolution of 
integral equations".
These difficulties encountered, have lead to approximate approaches 
that are based on simplifying assumptions, or that look at some particular 
aspect of the problem. An early approach by Muller et al (1937) compared 
practical measurements with approximate solutions for the diffraction 
caused by dishes and other obstacles. Using audio frequency measurements 
in air they compared the ratio of pressure at the centre of the obstacle 
face with the unobstructed sound wave pressure. Measurements were also 
made with the obstacle rotated in 30 degree steps. This work was 
extended by Wiener (1949) who looked at the pressure profiles across the 
obstacle (dishes and square plates). Some success was achieved with
comparing experimental results with an approximate infinite baffle theory. 
Gitis and Khimunin in 1969 reviewed the current methods of calculating 
diffraction effects with particular reference to the calculation of 
diffraction corrections required for sound velocity measurements. They 
identified three ways to calculate the mean pressure on a receiver
a) by averaging the standard expressions for the pressure at an arbitrary
point of the radiator field over the area of the receiver
b) by using the results of acoustic wave guide theory
c) by numerical methods of computation.
They conclude with a warning that "the licence to extend the results of 
these studies to the pulsed mode of operation is not at all obvious in 
general and is in need of special consideration".
The nearfield region of a rigid circular piston vibrating with 
simple harmonic motion within an infinite baffle was investigated by 
Zemanek (1970). Using the exact expression without approximations for 
the pressure at an observation point, the radiation field had to be 
calculated numerically, as the exact expression cannot be solved in closed 
form. Derivation of the directivity factor with approximations used, was 
also shown. Papadakis (1970) has considered diffraction effects for a 
transducer radiating other than as a piston source. He has calculated
the effect of a transducer radiating with different particle velocity 
profiles, using a numerical integration method. It was found that the 
diffraction-loss and phase-change curves were smoother than the piston 
case, for the profiles he chose. Delannoy et al (1979) performed a 
theoretical survey of planar baffles as related to the analysis of 
pressure distribution from a source. Using Green's functions for 
harmonic waves in their analysis, they considered the following cases
a) infinite planar rigid baffle (Rayleigh's approximation)
b) soft pressure release baffle (Rayleigh-Sommerfield approximation)
c) free field conditions (Kirchhoff approximation).
They showad that "boundary conditions have a very significant influence on 
the pressure field distribution of radiating acoustical sources", by 
getting close agreement between theory and experimentally simulated baffle 
conditions. Far field directivity patterns were compared to show the 
agreement.
An approach that introduces the receiver into acoustic field 
calculations is that of radiation coupling. Yamada and Fujii (1966) 
calculated an approximation for the acoustic response of a circular 
receiving aperture to a similarly aligned coaxial circular source. An 
exact solution was calculated by Rhyne (1977), who explains the
significance of radiation loss in the calibration of transducers by 
self-reciprocity measurements. A numerical investigation by Bacon and 
Chivers (1981) allowed the introduction of spatial variations in the 
amplitude and phase distributions across the transmitting transducer and 
similar variations in the sensitivity of the receiving transducer. The 
model developed also allowed the effect on the transfer function of 
misalignment between the transmitter and receiver, to be observed. A 
recent paper by Khimunin and Lvova (1984) describes a numerical method for 
the calculation of average pressure on a receiver based on the impulse 
approach and permits the exact analysis to be fulfilled of the transient 
process in an acoustic system with circular co-axial transducers of 
various dimensions in the presence of exciting impulses of arbitrary 
shapes. As an example, the requirements imposed on the maximal 
permissible dimensions of a measuring hydrophone for investigations of the 
field structure of radiators, was illustrated assuming a five period sine 
pulse excitation. Application of the analytical expressions obtained 
using the impulse approach leads to a substantial reduction of computation 
expenditure as compared to the other methods discussed.
Other investigations that have been made, which may have some 
application to this area of thought, are now presented. The early work 
of Levine and Schwinger (1948) provided a solution for sound radiation 
from an unflanged circular pipe. They investigated numerically the 
absorption cross section of the pipe and the power gain function of a 
plane wave incident at different angles from external space. (The power 
gain function compares the intensity of radiation in a given direction 
with that of an isotropically radiating point source). Delannoy (1967) 
has made an experimental study of radiation from a point sound source on 
the surface of rigid cylindrical baffles. A comparison of the results 
with an approximate analysis (Kirchhoff approximation) is made.
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2.3.4 Other models
There is much evidence to show that the angular response of small 
piezoelectric transducers does not agree with predictions of simple 
diffraction theory for plane apertures (e.g. Shombert et al, 1982). This 
is the case found by both Smith et al (1979) and Sato et al (1980), 
working on linear array scanners. Smith et al found that the response 
was not due to inter-element coupling or pulse excitation effects with the 
transducer. Spectral analysis of the response of isolated elements 
showad a significant amount of energy coupled into the transverse mode of 
vibration "due to the small aspect ratio of width to thickness dimensions 
of the elements". A simple 2-D vibrational numerical model, based on 
thickness mode and transverse mode vibrations, resulted in angular 
response functions agreeing with experimental measurements. 
Unfortunately, scant information is given on the model or assumptions 
used, and so it is not obvious whether it can be extended to disk shaped 
elements. Sato et al (1980) use finite element analysis, to compare
their experimental results with a vibrational model. An earlier paper 
(1979) sets out the theory of the analysis, which was first applied to 
piezoelectric sonar transducers by Smith in 1973. They also have some 
success in comparing experimental measurements with their model.
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2.4 Probe Evaluation
During the 1970s there was growing concern about the importance of 
calibration of medical ultrasonic systems (Woodward & Allen, 1974). Then 
as now, the convenience of using a miniature hydrophone (Woodward & Allen 
1974 and Harris & Abzug 1983) to make calibration measurements, was
recognised. When this work was started, there was a growing realisation 
that the accurate calibration of hydrophones and guidelines for their use, 
was a priority (Fischella & Carson, 1979). From here stemmed the
discussions on hydrophone calibration techniques, which are reviewed in 
this section. Recently the AIUH/NEMA standards publication (1983) 
recorrmended a "hydrophone calibration procedure" (Appendix E in the 
standards) for measuring its required minimum hydrophone/preamplifier 
character i s t ics.
It should be borne in mind that the calibration measurements and 
procedures documented in the standard are all chosen for the specific 
purpose of enabling a hydrophone to be used in calibrating diagnostic 
ultrasound equipment. They are not necessarily the best indicators for
investigating the properties, and comparing ceramic hydrophones. This
section reviews the following evaluation techniques:- planar scanning, 
reciprocity, directivity, pulse techniques, non-linear propagation and 
time delay spectrometry. Other techniques/measurements, for example 
effective radius, linearity, temporal stability, temperature coefficient 
are required by the AIUH/NEMA standard for completely specifying a 
hydrophone's response, but are not required here.
2.4.1 Substitution
The substitution method (also called comparison calibration - 
Bobber, 1970) involves placing the hydrophone in an ultrasonic beam at a
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point where the pressure has been previously determined. In the 
calibration of a miniature ceramic hydrophone, Colbert et al (1972) use a 
thermocouple probe to make the reference measurement. The deflection of 
a small metal sphere suspended at the point of measurement in the 
ultrasonic beam, has also been used to estimate the point intensity for 
comparison calibration purposes (Anson et al, 1981). A much simpler 
method is the comparison of open circuit output voltage of an unknown 
hydrophone to a standard (i.e., calibrated) hydrophone. The free field 
voltage sensitivity of the unknown is then the voltage sensitivity of the 
standard times the ratio of the unknowns voltage to the standards voltage 
(Bobber, 1970).
2.4.2 Plannar Scanning
This technique is used to find the receiver sensitivity by relating 
the power radiated by a source of known radiated power, to the integral 
intensity obtained from scanning the hydrophone across the ultrasonic 
field. (Alternatively if such a source has been previously scanned and 
the beam pattern in a specified plane determined, then an unknown 
hydrophone can be calibrated without scanning i.e. substitution method). 
Jones et al (1981) provide a step by step calibration procedure using this 
technique. They assumed cylindrical symmetry of the radiated field, and 
checked this by making two orthogonal scans (only one of which was used in 
the calculations). Herman and Harris (1982) though, recorded beam 
pressure amplitudes with the hydrophone scanned in a two-dimensional 
raster pattern (i.e. not assuming symmetry). This required a computer 
controlled test tank to move the hydrophone, take data and analyse the 
results. Both papers describe using the least squares criterion to fit a 
polynomial to the results calculated at different frequencies. The 
polynomial fit was employed as a continuous curve from which the 
hydrophone intensity response factor at any particular frequency could be
determined. The two papers also investigate sources of error, 
particularly the directional response of the hydrophone. Harris (1985) 
also investigates errors associated with plannar scanning, by attempting 
to quantify the effects of spatial averaging from a hydrophone of finite 
size. The guidelines of both the AIUIVNEMA (1983) and IEC (1983) for
maximum hydrophone size are discussed in this context.
2.4.3 Reciprocity
Reciprocity was first used for calibration purposes by MacLean in 
1940. The reciprocity principle is used in a family of calibration
methods. When the term reciprocity calibration is used without 
qualification, it usually pertains to what can be called 'conventional 
reciprocity' or more descriptively 'three transducer spherical-wave 
reciprocity'. Among the various reciprocity methods, the two-transducer 
and self-reciprocity methods are special cases of conventional 
reciprocity. The remaining variations all pertain to special boundary 
conditions (see Bobber, 1970 for a review of the methods).
All reciprocity methods depend on one transducer being reciprocal; 
that is, the ratio of its receiving sensitivity M to its transmitting 
response S must be equal to a constant J called the reciprocity parameter. 
This parameter depends on the acoustic medium, the frequency, and the 
boundary conditions, but is independent of the type or construction 
details of the transducer. To be reciprocal, a transducer must be 
linear, passive and reversible but unfortunately not all linear, passive 
and reversible transducers are recriprocal (see Bobber). The theory and 
practice of conventional reciprocity is given very clearly in an 
applications note by Bruel and Kjaer(1975). Included is a practical 
guide and procedure for a hydrophone reciprocity calibration.
Of particular relevance to hydrophone calibration is the
self-reciprocity technique of Carstensen (1947). This method uses the
two transducer reciprocity technique (where two transducers having
identical sensitivity are used), but in this case the second transducer is 
replaced by the "image" of the first transducer, i.e. the transmitted 
signal is reflected back by a 'theoretically' perfect reflector. This 
self reciprocity technique was extended to higher-frequencies and
short-time duration pulses, for the reciprocity calibrated transducers to 
perform exposimetry in medical diagnostic systems, by Reid (1974). The 
corrections, uncertainties and accuracy in using this method were 
investigated by Brandel and Ludwig (1976). They quote an estimated
uncertainty of the measured result to be smaller than ± 1 dB. The
technique has now been developed for the calibration of hydrophones, by 
Beissner (1980), and is being recommended by the International 
Electro-technical Conmission (IEC, 1980) as a standard calibration 
procedure. This method was used by Gloersen et al (1982) to compare this 
technique with the planar scanning method. The reciprocity method 
revealed that the hydrophone response did not vary by more than ± 1.6 dB 
from -262.8 dB re 1^V/pPa over the frequency range of 1-10 MHz. For the 
planar scanning technique seven ultrasound sources between 1-10 MHz were 
used, and all calibration points were within ± 0.5 dB of the
corresponding points found by the method of reciprocity.
2.4.4 Directivity
The use of directivity measurements, often called directional 
response or angular response, is a well known technique applied to the 
beam pattern of transmitting transducers (e.g. Bobber 1970 and Wells 
1977). It is also used to aid visualisation of the sensitivity of a 
receiver as a function of angle. The complete directivity pattern is a 
three-dimensional model. In practice, however, two-dimensional polar
diagrams usually are used to represent the pattern in some plane that 
includes the acoustic axis. Most often an axis of symmetry is assumed, 
so that the two-dimensional pattern in a plane of such an axis, gives a 
picture of the complete pattern.
The major use of measuring a hydrophone directivity is in order to 
assess the error introduced by it in a given measurement and to correct 
for the error when necessary. The AIUH/NEMA(1983) standard for 
diagnostic ultrasound instruments, requires measurement of the angular 
response of any hydrophone used in diagnostic ultrasound measurements and 
establishes criteria for determining if a correction factor is necessary 
when using the hydrophone to neasure the field of a transducer. These 
criteria, determined from the directivities of a range of different 
hydrophones, are discussed by Shombert et al (1982). The experimsntal 
arrangement and procedure for the measurement of directivities, appears to 
have been discussed in most detail by the author (Filmore, Aindow & 
Chivers, 1981).
2.4.5 Pulsed techniques
The pulsed technique is a method for measuring the broadband 
frequency response of a hydrophone. Essentially a large amplitude, short 
duration pulse is used to excite a broadband transducer and the response 
of the hydrophone monitored. Two monitoring methods can be used. The 
first captures and digitises the received pulse by either using an 
oscilloscope Polaroid camera and computer graphics tablet (Chivers, Lewin 
& Filmore, 1979) or more recently using a digital oscilloscope or fast 
ADC. The digitised pulse shape can then be fast Fourier transformed to 
access the frequency domain information. The second method uses a 
spectrum analyser connected directly to the hydrophone. The use of an 
echo from a plane target can be used as a reference spectrum (Papakakis
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and Fowler, 1971), and the technique mentioned used for comparing 
responses of different hydrophones (Chivers & Lewin, 1979).
A similar technique but using the frequency spectrum of the 
transmitter source voltage as the reference spectrum is suggested by 
Harris et al (1982). This allows the receiving sensitivity as a function 
of frequency to be measured with a quoted reproducibility of ±0.5 dB. 
Harris and Shombert (1984) have also suggested this technique for the 
measurement of directional charcteristics.
2.4.6 Non-linear propagation
The method utilises the sawtooth acoustic wave produced by the 
non-linear propagation of a sinusoidal wave of sufficiently high 
amplitude. The rate of decrease in amplitude of such a wave depends on 
its initial amplitudue. It is therefore possible to determine this 
amplitude by measuring the variation of the output voltage from a 
hydrophone placed in the field of a projecting transducer as the drive 
voltage is varied. Once the amplitude of the initial wave is known, the 
amplitude and frequency content at the field point can be calculated, and 
the hydrophone calibrated by Fourier analysis of its output signal. The 
technique permits absolute pressure sensitivity to be calculated at 
certain frequency points, which are harmonic components of the fundamental 
frequency (e.g. 1 MHz) . The author of this technique (Bacon, 1982) 
suggests that this method is "particularly useful for calibration above 10 
MHz, where the accuracy of existing methods is poor".
2.4.7 Time delay spectrometry
Time delay spectrometry (TDS) is a technique that was originally 
developed for audio measurements by Heyser in 1967. It provided a 
solution for the conflicting requirements of anechoic spectral measurement
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in the presence of a reverberant environment. The technique was taken up 
for ultrasonic calibration purposes by Lewin in 1981, and retains the 
advantage of approaching field free conditions in the reflective 
environment of a test tank. Its principal advantage over conventional 
discrete frequency calibration is that it is able to detect rapid and 
significant variations in frequency response of the hydrophone e.g., 
spurious mechanical resonances with a much higher S/N ratio than can be 
achieved with pulse techniques when the problems of nonlinearity may 
occur.
The experimental set up for TDS, requires a sweeping heterodyne 
spectrum analyser (e.g. Hewlett-Packard 3585A) with a built in frequency 
offset unit. The sine swept signal from the tracking generator drives a 
broadband radiating transducer via a power amplifier, and the signal 
detected by the hydrophone is fed into the spectrum analyser input. The 
frequency offset is calculated from the propagation time (transmitter to 
receiver) and the spectrum analyser sweep rate i.e., the band pass filter 
receiving the electrical signal from the hydrophone, is swept with a 
suitable delay in relation to the transmitter driving signal. If the 
filter has an appropriate narrow bandwidth, only one direct signal will be 
picked up, virtually eliminating the effects of multiple transmission 
paths, standing waves and other inteferences due to reflected signals.
If the combined frequency responses of the transmitter and a 
reciprocity calibrated hydrophone are stored in one of two memories of the
spectrum analyser, and the second memory stores the combined frequncy
response of the transmitter and a hydrophone being calibrated, then the
differences between these two frequency responses represents the free
field receiving frequency response of the hydrophone and after assessment, 
the absolute sensitivity level. The use of TDS in the calibration of
hydrophones has been reported by the author (Filmore & Chivers, 1982) and 
specific comments on choosing realistic experimental parameters with this 
technique by Chivers (1986). Lewin (1981) quotes agreement within 5% 
(0.5 ±dB) between this technique and reciprocity measurements in the 
frequency range 1-10 MHz.
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2.5 Practical Hydrophone Design
This section investigates practical aspects of hydrophones, 
including their design and application, which have been reported to date 
in the literature. Designs of both plastic and ceramic material probes 
are included, firstly to allow comparison, but also because some aspects 
of their construction and testing may be similar. The main areas of 
comparison are: the size of the active element and probe (the larger these 
are the greater the likely diffraction effects and the perturbation of the 
field being measured (see Section 2.3.3.)), the absolute sensitivity and 
its variation with frequency and, finally, its directivity response (see 
Section 2.4), which if asymmetrical or broad, may limit the measurements 
that can be undertaken.
The characteristics of piezoelectric polymers that make than 
suitable for hydrophone construction have been discussed in Section 
2.2.6.4. Three different kinds of polymer hydrophone have appeared in the 
literature:- the membrane hydrophone (Preston et al, 1983), the miniature 
hydrophone probe (Lewin, 1984) and recently a needle hydrophone (Platte
1985). The membrane hydrophone consists of a thin film of PVDF stretched 
across an annular frame of internal diameter 100 nm. Metal film leads are 
evaporated on both sides of the membrane and the overlap region defines 
the active area of the device, poled at an elevated temperature to induce 
piezoelectric sensitivity. Devices with active areas of diameter, 4,2,1 
and 0.5irm have been made and three designs have been produced differing in 
the type of electrical shielding provided. A range of film thicknesses 
have been used, including a film with an optically smooth surface for 
optical and interferometric studies. Absolute sensitivities are about 
-265 and -260 dB re lV/jaPa for a 0.5 and 1 mm. diameter element 
respectively. The broadband and smooth frequency response combined with
the minimum perturbation of the acoustic field are the major advantages of 
this type of device (De Reggi et al 1981). Care has to be taken, though,
with reflection from the membrane in continuous wave measurementsand the
beam diameter has to be less than 50 mm. if the acoustic field is to be
scanned. These probes have well behaved directivity responses, with
variations to be found between the different probe types.
The miniature unbaffled hydrophones of Lewin have active element 
diameters of either 0.6 or 1 itm. mounted on the end of a similar diameter 
tube (Lewin 1978). The probes have quoted sensitivity levels of -271dB±2dB 
and -264dB±1.5dB relative to lV/pPa in the frequency range from 1 to 10 
MHz for the 0.6 and 1 irm. element diameter probes respectively. They also 
have narrow, well behaved directivity responses.
The needle hydrophone of Platte consists of the needle point being 
coated with a thin layer of PVDF and then being polarised. The needle is 
either 0.3 or 0.6 mm. in diameter, rounded at the tip and covered with 
about a 20 micron layer of PVDF. The probes have a quoted end of cable 
sensitivities of about -155 dB re lV/Pa, but differ most markedly from 
other probes in their 'flat' directivity response (i.e., due to the curved 
active area).
In contrast to the polymer probes, probes based piezoelectric
ceramics have a much longer history. These probes can be separated into 
two main types. The first type uses a wave guide to conduct the ultrasound 
from the point in the field under investigation, to the physically large 
transducer holder. The wave guide is usually a thin rod of metal,
sheathed in a metal tube, whose length is resonant at the ultrasonic
frequency of interest (e.g., Sasseyostic et al 1966). This probe has many 
disadvantages, for example, difficult to use and with low frequency
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response, so is not now in general use. The second type of hydrophone 
contains the piezoelectric element in the end of the probe, directly 
measuring the field at that position. Several different types of 
construction are shown in Figure 2.1 (after Wells 1977).
The probe described by Brendel (1973) (Figure 2.1a) contains no 
information of the design, except in the use of a large (in relation to 
the element) acoustic backing. The paper discusses basic requirements of 
hydrophone design for use in absolute measurement. The probe of Hill
(1970) (Figure 2.1bii and Figure 2.2) uses a radially polarized 1.6 x 
1.6mm ceramic cylinder of 0.25mm wall thickness. The ceramic and 
connections are mounted in a moulding of cold cure silicone rubber, at the 
end of a length of 2mm diameter stainless steel tubing. Probe evaluation 
using linearity and directivity measurements are discussed, but no results 
are presented. The Romaneko probe (1957) (Figure 2.1c and Figure 2.3) 
used a barium titinate ceramic detector element in the form of a spherical 
layer 0.05mm thick, deposited on a platinum sphere of about 0.2mm 
diameter. A flat directivity response was obtained, and measurements of 
relative sensitivity with frequency, and reciprocity undertaken. Newman 
(1973) presents photographs of two airbacked PZT probes. One probe has a 
1mm diameter disk element, the other a 2 x 0.02mm element mounted along 
the length of the probe. No further details are mentioned except a 
discussion on the requirements for hydrophones used in the calibration of 
diagnostic machines.
It can be seen above that the literature search undertaken when 
this project was started revealed scant information on practical probe 
design or on measurements made on these probes. The few other papers that 
were located mentioning "hydrophones" (for example Brendel and Ludwig, 
1976), contained no information on the probes themselves. As the Pilot
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Fig. 2.2 s Piezoelectric Hydrophones, after Hill, 1970
Fig. 2.3 : Piezoelectric Hydrophone 
after Romanenko, 1957.
(The detector element 1 of ceramic 
barium titanate, is deposited on 
a platinum sphere 2, which is 
soldered onto the end of a wire 3. 
The wire passes inside a glass 
capillary 4, onto the external 
surface of which a silver coating 
6 is fired).
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Project progressed, a few more papers appeared (see below) and further 
information was gleaned from private communications with other researchers 
(e.g., Lewin - see below).
The probe of Weight (1978) used a small piece of PZT soldered to a 
brass wire, then shaped to approximately 150 microns diameter and 40 
microns thickness. The brass was used as a "backing material" and 
contact to a MOSFET buffer amplifier. The front connection was achieved 
with conducting paint, and an insulating layer of epoxy covered the paint. 
No further constructional details were given. The directional response 
was measured at 3 and 6 MHz and found to be reasonably omnidirectional.
This probe must be assumed to be highly insensitive and only of use 
in determining characteristics of high intensity fields.
Walton and Chivers (1978) give some information on a ceramic probe. 
They used a 0.5mm diameter, 0.05mm thick disk for the element, with silver 
paint or conductive epoxy for the outer electrode connection. They 
suggested that it was preferable to use a perspex coated epoxy cone rather 
than epoxy alone for the backing material, since epoxy was porous to 
continual immersion of the probe and thus likely to change in acoustic 
impedence.
The most relevant work was not published until 1981 by Lewin and 
Chi vers which came from the thesis work of Lewin (1978). The construction 
of two probes (Figure 2.4) ware reported. The first probe used a 1.6 x 
1.6mm radially polarised, hollow piezoelectric cylinder (wall thickness
0.2mm.) as the sensitive element. This was found to have resonances 
between 0.5 and 1.5 MHz in its free field voltage sensitivity 
(measurements were only reported up to 2 MHz). The second probe used a
0.48mm ceramic disk of 0.1mm thickness and had a reasonably flat response
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from 0.5 to 7 MHz of -245 dB re iV/jiPa. A surprisingly uniform 
directivity response was also obtained, though this may have had something 
to do with the backing and silicone rubber suspension. Full construction 
and probe evaluation details were given in this paper which were of 
benefit in this work.
The lack of reporting details of probe design has hindered any
systematic development. The design and construction of ceramic probes for
the present work had (apart from the work of Walton and Lewin) thus to be 
found from first principles, and gleaned from information relating to 
ultrasonic generators (i.e., the modelling reported in Section 2.3) From
the work of Lewin, it appeared that a probe based on a thin disk of
piezoelectric ceramic would have a reasonably flat frequency response and 
would be more sensitive (approximately 20dB re lV/pPa) than a similar 
sized polymer hydrophone. With the good spacial resolution which could 
be achieved, miniature piezoelectric ceramic probes appeared to have great 
potential for investigating and characterising many aspects of ultrasound 
fields, and a pilot project (Chapter 3) was commenced.
CHAPTER THREE 
THE PILOT STUDY
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3. THE PILOT STUDY
This chapter introduces the first tentative steps of hydrophone 
construction and assessment, showing how construction and assessment 
procedures were developed from necessity. The original work was 
concerned with field effect transistor (FET) buffered hydrophones, since 
from the limited reported work (see next section), it seemed that 
buffering the sensitive PZT element to the cable was important. Further 
work attempted to investigate the sensitivity of the assessment 
measurements being used to the experimental parameters. Finally a 
comparison of different types of hydrophone was undertaken. The 
experience and understanding gained from this Pilot Study enabled 
procedures to be formulated for the systematic investigation which forms 
the majority of this work.
i
3.1 The FET Buffered Hydrophone
The ideal characteristics of a hydrophone of high sensitivity (to 
avoid signal to noise problems), and having a small sensing element 
compared to the wavelength (to achieve good resolution and avoid 
excitation of unwanted resonance modes), are mutually conflicting, i.e. 
high sensitivity cannot usually be achieved with a small element. This 
conflict may be ameliorated by the use of a buffer amplifier immediately 
behind the element, as suggested by Walton et al (1977) and Walton & 
Chivers (1978), although this almost inevitably increases the size of the 
whole device, potentially introducing field distortions.
In fact, Walton et al concluded "that a typical hydrophone probe is
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unsuitable for making accurate quantitative observations of an ultrasound 
field, unless one can be certain that only one frequency is being examined 
and that all factors affecting the loading conditions of the element, 
including the way in which the cable is lying, remain constant". These 
researchers proposed the use of a buffered amplifier to try to overcome 
these problems, and suggested that "a substantial improvement in both 
performance and reproducibility can be achieved by the inclusion of a 
buffer amplifier into the body of a hydrophone".
The suggestions and recommendations of Walton et al were taken up 
by the author as a starting point for producing hydrophones. Details of 
the buffered hydrophone design used, are discussed shortly, followed by 
the measurements developed to investigate characteristics of the 
hydrophones constructed.
3.1.1 Conventional hydrophones
A conventional (or unbuffered) hydrophone consists of a PZT disk 
(typically with a capacitance of 15 pF for 1 inn diameter and 0.1 mm 
thickness), connected directly to a coaxial cable (capacitance 80 pF/m) 
and standard BNC connector. If we assume that the hydrophone is 
connected to an oscilloscope (26 pF and 1 MJJ. input loading), then from 
the very simple considerations shown schematically in Figure 3.1, the 
attenuation i.e. voltage drop due to the large cable/oscilloscope reactance 
XLOAD compared to that of the PZT element, XPZT can be calculated.
V  X
GEN PZT u v 1
" W  “ X PZT+\0AD 1 W eCe CAPACITOR^
1,e*’ VSCOPE_ CPZT -5
VGEN = CPZT + CLOAD ” « where CLOAD“*°pF+26pF
GFN « 0.185 = 33dB
SCOPE
i.e. if 100 mV is generated across an unloaded element, then only 18.5 mV
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would appear on the connected oscilloscope. This reduces the effective 
sensitivity of the device with a subsequent degradation of signal to noise 
ratio. The voltage displayed on an oscilloscope connected to a 
hydrophone is further complicated by the cable and plug constituting a 
frequency dependent load (i.e. being capacitive and inductive). An 
analogue circuit can then be used, for example the four-terminal network 
of Figure 3.2a, to analyse the characteristic parameters of the 
hydrophone. This circuit uses the relations between electro-mechanical 
analogues to derive different parameters using four pole theory (Kinsler & 
Frey, 1962). For example the hydrophone sensitivity Mt can be expressed 
as follows:-
M = e = <f> A
t o__ ■ 2
p jtuC <J> Z +1
e m i
where e is the open-cicuit voltage, p is the acoustic pressure, c is 
o e
the electrical blocked capacitance, m is the effective mass, 0 is the
electromechanical voltage/force conversion factor, Zm is the mechanical
impedance, and A is the element/diaphragm area. Using this analogue, two
simplifying assumptions have been made. Firstly it is assumed that
vibrating elements are mechanically equivalent to a single degree of
freedom spring-mass system, and that secondly that the hydrophone is small
enough so that radiation or water load impedance can be neglected (i.e.
the characteristics of the medium do not influence the vibratory motion).
At all frequencies well below the resonance, which is where most practical
2
measurements are made, a)Cd> Z » 1  and the sensitivity is
e m 1
inversely proportional to wZm (see Figure 3.2b). At low frequencies, 
where 1/jwC »  (I^jwm) the sensitivity is constant. At the resonant 
frequency where jwm = 1/jwc the sensitivity will reach its maximum. 
Above resonance, where jwm» (R+1/jwC) the sensitivity falls off with a 
slope inversely proportional to the square of the frequency. Real 
calibration curves seldom look like the idealised curves in Figure 3.2b.
*2Zm
f ^
C/02 02m 02 R
_______________________________________________________________________________________ 750835
(a) Analogue circuit of a small piezoelectric hydrophone; e0 is the open-circuit voltage, p is 
the acoustic pressure, C e is the electrical blocked capacitance, C is the short-circuit com­
pliance, m  is the effective mass, R is the mechanical resistance, <f> is the electromechani­
cal voltage/force conversion factor, Zm  is the mechanical impedance, and A is the dia­
phragm area
Zm - 1/<oC _ as wm m
M (dB) 
S (dB)
M 1/to2
__________________________________________________   750833
(b) Piezoelectric transducer; free-field voltage sensitivity M  = e<j/p and transmitting current 
response S as a function of angular frequency
Ideal
Spurious
resonance
Damped
resonanceM (dB)
Leakage
resistance Diffraction effect
f (log scale)
_______     750834
(c) Typical effects of resonant damping, diffraction, spurious resonances, and leakage resist­
ance across the piezoelectric element on hydrophone sensitivity
Elg. 3.2 : Hydropftone modelling, after Bruel & Kjaer, 1975.
Typical effects of resonant damping, diffraction, spurious resonance, and
leakage resistance across the piezoelectric element, on the sensitivity
/
of a piezoelectric hydrophone are shown in Figure 3.2c. A fuller
discussion and analysis of equivalent circuit including four terminal 
networks for piezoelectric transducers and hydrophones is to be found in 
Kinsler and Frey (1962). The analysis of hydrophones is, however, 
confined in detail to longitudinal vibrators and in particular to the 
X-cut quartz crystal. A comprehensive review of models and methods 
available to characterise hydrophone parameters theoretically has already 
been given in Chapter 2.3.
Another problem associated with the conventional hydrophone which 
has a cable reactance unmatched to that of the signal source, is
resonance, i.e. reflections of the signals high frequency components at 
the cable/element interface. As a general guide (Delaney, 1969), the
cable should be no longer than:-
L = 1 Kc where: K = 0.66 for co-axial cable
40 f c = velocity of light
f = highest frequency component
For a cable length of 0.5m, which is typically used, this gives the
highest frequency component of 10 MHz. Other authors e.g. Chi vers and
Lewin, 1982, have looked in greater detail at the subject of
cable/instrument loading on a hydrophone. It is found that even the
above analysis is a simplification of a complex situation (Lewin, Chivers
& Schaffer, 1985 & 1986), are particularly relevant to the comparison of
different designs of hydrophones and absolute measurements.
3.1.2 Buffered hydrophones
Two amplification methods are available to buffer hydrophones: 
those based on voltage amplification and those based on charge 
amplification (Figure 3.3). A charge amplifier consists of a high gain
Fig. 3.
PZT
element
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Fig. 3.4 : The FET circuit in the probe
operational amplifier with a feedback capacitor Cf. It can be shown that 
the output voltage using this configuration is independent of the cable 
capacity (Walton et al, 1977). A charge amplifier can then be used at 
the output end of the hydrophone cable and still overcome the problems 
associated with the cable capacity. Walton indicates that the cable 
inductance may be a limitation in the use of charge amplifiers at 
megahertz frequencies, although no specific details are given.
The alternative approach, favoured by Walton and taken up by this 
author, is using a voltage amplifier between the piezoelectric element and 
the cable i.e. within the hydrophone housing. The voltage amplifier has 
to be built close to the element as it is affected by load capacitance of 
the cable and oscilloscope. The amplifier suggested, used a field effect 
transistor (FET) which has a very high impedance (due to a capacitance of 
around 1 pF), and low quiescent power consumption. This makes the 
amplifier suitable for being battery powered and the low heat dissipation 
is an obvious advantage for a sealed system operating under water.
More recently, Harris (1982) compared the operation of voltage and 
charge amplifiers. He concluded that if a charge amplifier can be made 
with a feedback capacitance less than the sum of the lead and transducer 
capacitances, an improvement in receiving sensitivity should result. 
Harris identified an FET input operational amplifier, and practical 
circuit, for designing a flat frequency response of 1 to 10 MHz. He 
found though for the particular membrane hydrophone geometries used, there 
was little difference in the minimum detectable pressure level between the 
voltage amplifier mounted close to the element and the charge amplifier 
mounted some distance from the hydrophone.
3.1.3 The FET buffer and its mounting
The FET circuit that was used by the present author is shown in 
Figure 3.4. The field effect transistor is used as a transconductance 
stage immediately connected to the output load of the PZT disk:. Output 
signals from the disk are thus presented to the constant, high impedance 
load, of the FET gate input, allowing a substantial part of the open 
circuit voltage developed by the PZT disk to be available for 
amplification. Signals generated by the PZT disk control a current flow 
in the source-drain biassing voltage. The FET thus acts as a constant 
current generator, and is terminated via the co-axial cable by a 75jl 
load, which matches the characteristic impedance of the cable.
The use of a low value terminating resistor (75 JL ) reduces the 
signal level considerably (16 dB), so that a low noise amplifier at the 
end of the cable is necessary. The amplifier used was designed by Mr. 
E.A. Worpe (Filmore et al, 1979) and had a gain of 36 dB allowing an 
overall hydrophone/pre-amplifier gain of 20 dB. It matched correctly to 
any 75 JL co-axial cable, and preserved a flat frequency response up to 
15 MHz.
The FET and the two resistors of the buffer circuit had to be 
potted in silicon sealant and sealed inside the stainless steel tube of 
the hydrophone body shown in Figure 3.5. For the first hydrophone 
constructed (identification nos. 9001), a commercially available 
unbuffered hydrophone was used by turning away the original body in a 
lathe, and using the remaining PZT disk mounted on a perspex cone. 
Subsequent hydrophones (identification nos. 9002 to 9004) ware constructed 
completely in the laboratory. To enable hydrophone construction to 
proceed, many skills had to be developed. Firstly a disc cutting 
technique was developed, this became the procedure that is reported in 
Section 7.2. A hydrophone construction procedure was then developed
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(Filraore et al, 1979), which was further refined to the procedure reported
in Section 7.3. Finally a test procedure was adopted for the FET
/
hydrophones which is reported now. It should be noted that the test 
procedure was developed as the hydrophones were being constructed, and 
thus not all the tests were performed on all the hydrophones. In 
particular it was necessary to gain experience as to how the tests could 
be made to allow easy comparison between different hydrophones. Many of 
the results from earlier tests are not shown here, as they do not lend 
themselves to comparison.
3.14 Test procedure
The following test procedure, which is fully documented elsewhere 
(Filmore et al, 1979) is now discussed briefly. The following tests and 
field measurements were considered:
1. FET characterisation: a circuit to mimic the loadings on the 
FET, using a capacitor and signal generator to act as the element, was 
considered. Though the frequency response and linearity of different 
FET's could be compared relatively easily, the susceptibility of the FET 
to static electricity once the guard ring was removed, precluded this 
measurement.
2. PZT and FET linearity: An electrical signal was introduced
across the PZT element before the assembly was finally potted. By 
recording the signal input and output from the hydrophone displayed on an 
oscilloscope, the following were measured: (a) the output versus
frequency for a constant input (60mV peak-to-peak) , and (b) the gain 
linearity at 1 MHz.
3. Impedance plotting: Plots of magnitude and phase angle against 
frequency were recorded by connecting the completed hydrophone (immersed 
in water) to an H.P. Vector Impedance meter (Model 4815A), to investigate
63
resonance characteristic.
4. Pre-amplifier calibration and comparison: different 
pre-amplifiers were compared by measuring the output voltage versus 
frequency for a constant input voltage, the gain linearity at 1 MHz, and 
the broadband spectral response from the same hydrophone, unmoved in the 
same ultrasonic field.
5. Directivity plots: the hydrophone was placed in the far field 
of a transudcer being excited by eight cycle bursts of a given frequency.
The maximum peak-to-peak received voltage was plotted for angular steps of 
about 10 degrees.
6. Reciprocity calibration: A three transducer plane wave 
reciprocity was used to calculate the voltage sensitivity in absolute 
terms, at one frequency.
7. Broadband spectral responses: A range of transducer 
excitations were used to measure the relative spectral responses of the 
hydrophone/pre-amplifier, using a replacement method and a Marconi 
(TF2370) Spectrum Analyser.
3.1.5 Test results and discussion
A summary of the test results detailed in the Pilot Study 
ultrasonics Report (Filmore et al, 1979) shows the following.
The PZT and FET calibrations gave flat responses with bandwidths of 
20 kHz to 15 MHz and 5 kHz to 10MHz for hydrophones 9001 and 9002 
respectively. The gains at 1 MHz were -17.6 dB and -12 dB respectively. 
Impedance measurements on hydrophone 9001 showed no resonances in the 
measured range 0.5 to 15 MHz. The pre-amplifier calibration gave a -3 
dB bandwidth of 2 kHz to 15 MHz and 1.7 kHz to 8 MHz for pre-amplifiers 
"Mk II, No.l" and "Is" respectively. Both amplifiers were linear over 
the input range 0.5 to 60 mV. The "Mk II, No.l" pre-amplifier showed a
large number of frequency components/noise above 5 MHz when used in 
conjunction with hydrophone H9001. It should be noted that three 
preamplifiers (Nos. "Mkll,No.l", "Is" and "2s") are mentioned through the 
text. The preamplifiers are identical except for "Mkll, No.l" which has 
a greater -3 dB bandwidth at the expense of a higher power consumption.
The directivity responses at 2.09 MHz are shown in Figure 3.6 for 
hydrophones 9001, 9002 and 9003. The -3dB lobe widths were 39, 28 and 38 
degrees, with the greatest peak height to valley ratio for hydrophone 
H9002. A reciprocity calibration for hydrophone 9002 with pre-amplifier 
"Is" gave a voltage sensitivity of about 31 jiV/Pa at 0.9235 MHz. 
Spectral responses measured with hydrophone 9001 and pre-amplifier "Mkll, 
No.l" were troubled by noise. The extra 6dB gain with hydrophone 9002 
and pre-amplifier "Is" overcame this problem. Figure 3.7 compares the 
relative spectral responses of hydrophones 9001 to 9004 for an eight cycle 
burst at 1.7 MHz.
From the construction and testing of the FET buffered hydrophones 
experience was gained in disc cutting and assessment, in hydrophone 
construction and in measurements giving an intercomparison of "identical" 
hydrophones.
The use of the cut elements in hydrophones 9002 to 9004 compared 
with the commercially available element in hydrophone 9001 shows their 
much greater sensitivity (i.e., peak values of 6.2, 5.4 and 7.12mV cf. 
1.85mV in Figure 3.7) and perhaps anglar resolution (Figure 3.6). The use 
of the spectral responses (Figure 3.6) has value in identifying problem 
"hydrophones" ie. H9003, which has a dip at 1.66 MHz compared to the other 
responses. This "uncertainty" is also shown in the directivity plot for 
H9003 where the main lobe is smaller than the side lobes and the main lobe
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Relative
Response
H9001 (l.»5mV)
H9002 (6,2 itW)
H9U04 (.7.1 nlV’)
H9003 (5.4 m)
1.0 1.5 2.0 2.5 freq/MHz
Fig.3.7 : A carparison of relative spectral responses for the 
hydrophones
is 10 degrees off the physical axis of the probe. An absolute calibration
by replacement technique, at the NPL, Teddington, of the worst hydrophone
/
gave voltage sensitivities of about 18,23.5,22.5 pV/Pa for frequencies 
0.9, 2.09 and 5 MHz. This does not agree with the reciprocity calibration 
of hydrophone 9001 assuming a correction factor via a replacement
comparison measurement. The detection of "rogue" hydrophones is thus of 
extreme importance.
Further conclusions from the Pilot Study which affect the
measurements and the future work are:
1. Impedance and directivity measurement take a great deal of 
time. The directivity measurements in particular have low angular 
resolution and are very open to human error (ie. the peak-to-peak voltage 
has to be read off an oscilloscope and written down, and a graph has then 
to be plotted on polar paper).
2. Significantly large variations and/or instabilities between 
"identical" measurements were observed when repeating certain measurements 
on the following day. This suggests a need to tighten up the measurement 
procedures used in subsequent measurements. It also led to the proposal 
to simplify the design of the hydrophones by eliminating as many variables 
as possible (i.e., the buffer amplifier and pre-amplifier), and also to 
produce hydrophones in batches. The variables in the measurements should 
then be controlled to the highest practical precision e.g., positioning, 
tra nsducer drive, bath temperature, etc.
3. Small variations in the variables should be investigated one at 
a time to attempt to investigate the variations observed in the 
calibration measurements.
4. To make rapid high precision and high resolution measurements, 
a microprocessor based control and data-taking system appeared to be 
almost essential. The altenative of a data logging system with separate
logic control equipment when compared, was far less versatile. An 
ultrasonic test tank with automated high precision movements would also be 
required.
5. Further measurements made by other researchers in which the 
author was involved (Smith et al, 1980) reinforced these findings. In a 
study of the sensitivity of directivity measurements to experimental 
parameters, variations were experienced with careful measurements 
performed on successive days, thus emphasising the need for a 
microprocessor based system for close experimental control and for a 
careful study of the sensitivity of different types of measurements to the 
experimental parameters involved.
3.2. Empirical Comparison of Different Designs of Hydrophones
The comparison of eleven different hydrophones, with different 
combinations of element geometry and material was undertaken using a 
replacement method and storing the hydrophones pulse response on Polaroid 
film <Chivers and Lewin, 1979). The author developed a method of 
digitising the many waveforms and transferring the data via punch card and 
papertape to a computer where fast Fourier transforms could be performed 
(Chivers et al, 1979). The use of the frequency domain information for 
comparison was then shown to have significant potential. The procedure 
also led to the identification of the measurement variables likely to be 
involved in the comparison, and to some considerations involved in probe 
design. The work concluded with the conment "that the construction and
testing of miniature ultrasonic hydrophones is clearly an area of
considerable complexity, not only because of the intrinsic difficulty of 
the fundamental physics and the related technological procedures, but also 
because of the large nuber of potential variables concerned". The
following chapters explain how these problems were overcome so that 
hydrophone probes could be developed as reliable tools in the
investigation of new areas of knowledge in ultrasonic science.
CHAPTER FOUR 
THE ULTRASONIC TEST TANK
4. THE ULTRASONIC TEST TANK
4.1 Basic Elements of the Design
Ihe design of the test tank was initially formulated with reference 
to the conclusions and practical experience of the Pilot Study discussed 
in the previous chapter. Since a full procedure for hydrophone assessment 
had not yet been developed, a flexible tank system was necessary to allow 
for future requirements.
The Pilot Study had shown the necessity of high spatial resolution 
and automated movements. These formed the basis of the design. High 
resolution can be obtained in part by using fine screw threads to control 
the movements, introducing, however, the need for high speed motors when a 
large displacement is required. Stepping motors were chosen (though 
rarely used at that time) for their speed, ease of control and 
compatibility with computers. The facility of being able directly to 
connect the stepping motor to a fine screw thread without the need for 
gears, position sensors, or shaft encoders is a valuable one, with the 
added benefit of simplicity. Other types of motors with gears would
necessitate a complicated feedback system designed to reduce backlash and 
non-linearities in the movements.
Four phase stepping motors allow rotational steps in multiples of 
1.8 degrees when driven in the unipolar mode, ie. the motor has to be 
stepped 200 times for a complete rotation of its shaft and the smallest 
rotation possible is 1.8 degrees. When this motor is connected to a shaft 
with a 1.5 inn pitch thread it allows positioning control in 0.0075 mm
steps. If a computer is controlling the motor, then the exact position 
(to within a step) is known by counting the number of steps from a datum. 
Using this type of movement as a basis for the design, an adequate 
resolution for rotational and translational movements could be achieved.
Other aspects which needed to be considered for the tank design were: 
dimensions, use of acoustic absorbers and, indirectly, transducer holders. 
Temperature control, including thermal insulation, was not considered a 
necessary factor for control. This was an assumption which was found to 
be justified in practice as the temperature change during an experiment 
lasting one hour was found to be only a few tenths of one degree, as 
measured by an accurate mercury thermometer. The thick perspex tank sides, 
the large volume of water (55 litres) and the acoustic insulation bed 
under the tank floor all aided the thermal stability. It was assumed that 
for any precise velocity/attenuation measurements, where the range of the 
movements required would be restricted, a smaller tank of thin sides could 
be put inside the large tank and heated water circulated. This would then 
form the basis of a more precise temperature control.
The size of the tank was limited by the length of screw threads that 
could be made in our workshops, and by financial constraints. 
Acoustically the tank needed to be large enough to allow placing a 
hydrophone in the far field of a transducer (at the highest frequency of 
interest), and to be able to allow for beam plotting in the freefield 
conditions. The tank was made from perspex which allowed a clear view of 
the probes for absolute distance measurements using a travelling 
microscope. The dimensions were 610 nm (length) by 375 mm (width) with 
allowance for a 240 inn depth of water.
The use of acoustic absorbers to line the tank was considered and
some work undertaken to identify suitable materials (Chivers, Smith and 
Filmore 1981). Of the materials tested, paraffin wax which could be 
easily moulded and worked, appeared the most practical. In fact, for the 
hydrophone characterisation work, absorbers were not needed, as short 
bursts of low power ultrasound were used. For the characterisation of 
hospital probes (ie. higher power), the recommendations of the paper 
referred to should be considered.
4.2 The Movements
The tank is designed with two rails (Figure 4.1) along its length 
on which different 'platforms' can be clamped to suspend probes, 
transducers, specimens, etc. The 'X-stepping motor' and screw thread are 
mounted across the width of one end of the bath. A threaded block is 
driven along the screw thread, as the thread is turned directly by the 
motor. Two different pieces of apparatus can be bolted onto this block to 
be given a movement along the x axis. The first of these is a 
'Y-movement', used for moving a hydrophone when beam plotting. This 
movement is shown in Plate 4.1b and shown mounted in position in Plate
4.2. The second piece of apparatus is used for giving a transducer an 
'X-movement' and is particularly useful for computer assisted tomography 
studies (Chivers, Filmore, Cullum & Foster, 1980). This is shown mounted 
in Plate 4.3.
The other useful movement is a stepping motor attached to a special 
'platform'(Plate 4.1a) which is used to rotate hydrophones for directivity 
measurements. This platform is shown mounted in Plate 4.4. Note that the 
transducer is mounted on the X-movement allowing very precise beam axis 
centering on the hydrophone. This platform also has a system for 
adjusting the height of the stepping motor above the platform. It uses 
two screw threads connnected to nuts to raise or lower the motor, and
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Plate 4.1 (a) : Mounting of second stepping motor for 0-movement 
(0) : Tfounting of second stepping motor for Y-movement
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Plate 4.4 : Perspective and side views of tank prepared 
for directivity measurements.
includes locking bolts. This height adjustment allows the z axis 
centering of the hydrophone in the beam axis. This platform has a slight 
mechanical/design limitation in that a 2-D spirit level has to be mounted 
on the motor to make sure that the height adjustment is solely along the z 
axis.
The resolution of the movements is controlled by the stepping 
motors and the mechanical accuracy. As mentioned earlier, the directivity 
is limited by 1.8 degree steps and the translational movements by 0.0075 
mn steps. This step size could be halved by altering the electrical drive 
circuit (reported in section 4.4) from unipolar to bipolar. Further 
reductions in step size could be achieved by using five phase stepping 
motors which allow up to 1000 steps per revolution (ie. 0.36 degree 
steps). This reduction may be of benefit in some directivity 
measurements, but is dependent on the mechanical precision of the 
movements. Other researchers (Aindow & Chivers, 1983) found that in 
precise phase measurements, a slight eccentricity in the threads when the 
movements were used for beam plotting affected their results. They found 
the eccentricity on this tank amounted to 4 microns, which gave rise to a 
16 micron transducer movement as the mechanical arrangement had a 4:1 
mechanical advantage.
4.3 The Transducer Holders and Tank Attachments
Four methods of mounting transducers have been regularly used. Two 
external methods can be seen on the end wall of the tank in Plate 4.3. 
The transonic port allows cylindrical transducers to be clamped on the
outside of the tank against a thin (20 micron) plastic membrane. The
transducer, which does not need to be waterproof, radiates through the 
membrane. In the second method, a special metal block allows the
transducer holder (Plate 4.5a) to be clamped inside the tank. With the
Plate 4.5(a): The "Perspex" reciprocity transducer holder 
(b): The registration prism
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use of three external screws, the holder can be orientated and, in 
particular, lined up acoustically with the far end wall. The third method 
uses holders inside the tank (Plate 4.3). These also allow adjustment for 
beam axis alignment. The fourth holder is shown in Plate 4.5b. This 
allows the transducer to be suspended from the beam plotting movements of 
Plate 4.2 instead of a hydrophone.
The hydrophones are clamped in rods of perspex as shown in Plates
4.2 and 4.4. This produces some alignment difficulties which can be 
overcome with much time and patience, but to which no satisfactory 
systematic solution could be found. The main alignment problem was that 
of positioning the hydrophone tip exactly under the axis of rotation when 
performing directivity measurements. A special prism fixture (Plate 4.5b) 
which bolts underneath the directivity platform (Plate 4.1a). was
constructed. If the probe tip is viewed (along the x-axis) through the
bath side and the prism, through a travelling microscope, the probe tip
movement in the x,y plane can be seen against Iran square graph paper
placed under the tank. The probe position in its holder can then be
adjusted until the probe tip appears to be moving around a point. The
full adjustment procedure is described in Section 8.2.3.
4.4 The Stepping Motor Controller
The stepping motor controller, which was designed and built by the 
author, allows control of the 4-phase stepping motors. The motors can be 
stepped individually either manually or under direct computer control. 
Manual control gives the option of stepping either at a constant
adjustable rate or in single step mode. The direction of stepping is also 
controllable. The manual facility is used in setting up the test tank 
movements ready for an experiment; for example, to move a hydrophone 
quickly to the correct distance from the transducer, and then slowly to
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check (with single steps) that the hydrophone is aligned on axis. When 
setting up is complete, the controller can be switched to computer control 
to run a complete experiment (Chapter 5).
The circuit is designed around a Mullard integrated circuit, number 
SAA 1027, which produces most of the motor control functions. The control 
circuit for one motor is shown in Figures 4.2 and 4.3, and is built using 
CMOS logic circuitry (for noise immunity from the motors). The controller 
also contains two other circuits: a motor inhibit and an electronic 
switch. The motor inhibit is connected to microswitches mounted on the 
ends of the test tank movements.
If the "block" being driven along the movement's thread reaches one 
end and closes the contact on a microswitch then the inhibit circuit 
freezes the stepping motor, and so prevents damage to the tank. The 
electronic switch is an isolated relay switch which can be closed and 
opened under computer control. Its main use has been in controlling the 
scan of a "Boxcar" system which is discussed in the next section.
The facilities available on the controller are summarised in figure
4.4 which shows the controller's front panel. The complexity of the 
design is indicated in Plates 4.6, 4.7 and 4.8. A full detailed guide to 
the controller is available in report form (Filmore 1980b).
4.5 Summary
A very flexible test tank has been designed by the author, which 
allows many ultrasonic measurements to be made. It was the first tank to 
use stepping motors for high precision control of routine calibration 
measurements and has been subsequently used by many researchers (Chapter 
9) and formed the basis for other research facilities e.g., NPL
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Teddington. A very recent use has been in the unrelated field of eddy 
current research (Kyte 1985) where a precise x-y scanning system which had 
no metal parts within 30 cm of the sensor was required. The tank has been 
reported (Filmore and Chivers 1981) and shown at scientific meetings, 
where it has aroused much interest. The following chapter reports on the 
microprocessor control of the tank, and measurement equipment.
CHAPTER FIVE 
THE MICROPROCESSOR SYSTEM
91
5. THE MICROPROCESSOR SYSTEM
5.1 Introduction
The Pilot Study of Chapter 3 indicated the need to purchase some 
form of data logging system of high resolution. The system was to be used 
to automate the standard manual ultrasonic measurement procedure of beam 
plotting and directivity measurements, this being tedious, time consuming 
and not very accurate, but very necessary for transducer characterisation. 
The directivity measurements for "well-behaved probes" could have been 
performed with reasonable accuracy by reading the peak to peak received 
voltage from an oscilloscope and rotating in ten degree steps. This still 
required a minimum of 24 readings to be taken (with more readings needing 
to be taken on rapidly changing directivity patterns. The beam plotting 
measurements were restricted in accuracy by the quality of a "peak 
detector" circuit which gave an average dc voltage proportional to the 
peak to peak received input voltage. The existing circuit gave a far from 
linear response, with characteristics changing with frequency. (It is only 
relatively recently that complex circuit commercial peak detectors have 
come on to the market, e.g., Metrotek equipment from Hocking Electronics). 
A further disadvantage of these types of measurements is the total loss of 
temporal information. A survey of data loggers available on the market 
concluded that although they had the speed and resolution required, an 
electronic circuit would need to be designed to control the stepping 
motors and the data logger. Different electronics would be required for 
different experimental arrangements. The problem of using a peak detector 
would need to be overccme either by redesigning the peak detector, or by 
developing another circuit to capture the positive or negative maximum
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voltage levels. Both these circuits would require much advanced 
electronics design.
Fortunately an alternative solution to a data logger became 
available, based on a micro-computer. It was realised that a mainframe 
computer (e.g., a Data General NOva) would be able to control an 
experiment and then be available to analyse the results. Unfortunately 
the huge cost of such a system and the waste involved in terms of its 
multi-user capability being turned off to run a single experiment of an 
hour's duration made this option unrealistic. At this time some 8 bit 
micro computers were on the market (e.g., Conmodore Pet). These were 
evaluated and found to be lacking in data storage, speed, and capability 
for experiment control. One other system that had just come onto the 
market was based on the 6809 microprocessor. This microprocessor has many 
of the versatile features of a 16 bit processor though it actually 
processes internally in 8 bit bytes (i.e., it is a "hybrid"). The system 
using this microprocessor suffers none of the drawbacks of the 8 bit 
processors, as it comes with 8 ports for experimental control and can 
assess 1.2 Mbytes of data storage on floppy disc.
The 56k byte 6809-based system purchased (Bacon & Filmore, 1981) 
came with a standard S.50 bus provision for eight input/output (I/O) 
boards. For this ultrasonic work the system was configured as follows. 
Two boards were devoted to three serial I/O ports for communication with 
the console VDU, a tele-typewriter and the main University of Surrey Prime 
computer network. Five boards were double 8 bit parallel ports which can 
be either inputs or outputs. Each of these ports had associated with it 
two control lines, either or which could be used to generate an interrupt 
on the computer. Alternatively, one line may be used as a software 
controlled output, e.g., to turn on or off an 'electronic switch1. The
last board comprised one 8 bit parallel input port plus a timer, which 
can be programmed to generate interrupts at selected time intervals. 
Figure 5.1 shows a block diagram of the system.
This system configuration was chosen for speed and ease of usage 
of the main experiment control elements: digital to analogue converters 
(DACs), detailed in the next section, and analogue to digital converters 
(ADCs), detailed in Section 5.3. As the ports and therefore each 
peripheral control device were memory mapped (i.e., each device has a 
specific memory location in the computer which, when written to, 
controlled the device); the system was fast and easy to use. The 
software suite for controlling different experiments and its manner of use 
are detailed in the next chapter.
5.2 Experiment control
The foundation of experimental control was built around two 12 bit 
DACs, a stepping motor controller with integral electronic switch and a 
spare dual 8 bit parallel port. The electronics involved (except for the 
stepping motor controller, reported in Chapter 4.4) are discussed in this 
section and detailed in Filmore (1980c). The Eurocard racking system into 
which the data collection and experimental control electronics were built 
is also discussed first in this section. Details of the DACs, uses of the 
parallel port, and the pulse controller follow.
5.2.1 The racking system and power supply.
The experiment control and data collection electronics were housed 
in a Eurocard board racking system. This newly introduced system allowed 
the electronics to be built onto Eurocard boards (i.e., printed circuit 
boards with provision for up to 16 I.C.s) which plug into the rack using
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Figure 5.1: Block diagram of data acquisition and
experiment control system.
32 or 64 way connectors. The system allows the boards to be constructed
and tested outside the rack and permits a large number of connections
/
between the board and computer. Plate 5.1 shows the rack with two boards 
plugged into the right-hand side and a module in the left-hand side. The 
rack slides into a standard 19 inch racking case, of which only the back 
plate (supporting the power supply) is shown. A second plate has been 
attached to the back right-hand side of the rack; this may support up to 
six 25-way D-type sockets which link the electronics within the rack with 
the computer ports.
The power supply is totally enclosed for purposes of safety and 
screening. It can easily be removed from the rack by unplugging the 
boards' powar supply connector. The mains cable can also be disconnected 
as this is plugged into a standard mains filter unit. The power supply 
wiring, shown in Figure 5.2, is based on a high quality full wave 
rectification circuit. As can be seen, two toroidal transformers are used 
to produce completely independent analogue and digital supplies. A further 
design feature which reduces noise and interference is that of holding the 
supply rails at a high voltage so that each Eurocard board has onboard 
voltage regulators (Figure 5.3) from which the standard +5V and 15V 
supplies are derived. The supplies enter the boards from a common supply 
bus through pins 26 to 31; these are connected directly to the eight way 
power supply connector, the pin numbers of which are shown in Figure 5.2.
5.2.2 The DACs.
Two 12 bit digital to analogue current converters were wired onto 
a Eurocard board. The devices, type AD565 (JD) from Analog Devices, have 
a quoted settling time to 1/2 LSB of one microsecond when driving a 
voltage output AD509 operational amplifier. The circuit has been wired 
with the operational amplifier mentioned (Figure 5.4) for a 5 volt bipolar
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voltage output. The circuit quotes a drive capacitance of 500pF without 
any deterioration in settling time.
The DAC's data inputs are wired to computer ports 5 and 6 (i.e., 
two double 8 bit parallel ports) via four hex Schmitt inverters (Figure 
5.5). The inverters act as buffers and as a noise reduction circuit. The 
DACs convert, without the need for control signals, immediately the 
digital input changes. The CA2 control lines are connected to l.e.d.s to 
indicate when each DAC is operating. One CB2 control line is used to 
operate a DIL reed relay which acts as an electronic switch in controlling 
the pen up/down facility on an X-Y recorder. Figure 5.5 shows the layout 
of the DACs, amplifiers, buffers, and reed relay on the Eurocard board.
Two twenty-turn potentiometers control the gain and zero 
adjustments of each DAC. These can be easily adjusted, to calibrate the 
DACs, by removing the Eurorack's lid. The DACs use an offset binary code 
for bipolar output. With all zeros on the inputs the output will go to 
negative full scale (-5.000V); With 100..00 (i.e., only the MSB high) the 
output will be 0.000 volts; with all ones the output will go to positive 
full scale (+4.9976 volts). N.B. The buffer on the input lines invert the 
code, but the voltage output is inverted again as the DAC current output 
is fed into the inverting input of the operational amplifier.
To calibrate the DACs programme TEST (a standard utility 
programme, Filmore 1980c) is run which outputs a single number to the 
DACs. Firstly, -2048 is sent to the DAC (which turns all bits off) and 
the offset potentiometer is adjusted until the DAC output is -5.000 volts. 
Secondly, +2047 is sent to the DAC (which turns all bits on), and the gain 
potentiometer is adjusted for +4.9976 volts output. Voltage measurements 
need to be made carefully with a calibrated 5 digit voltmeter. A quick
100
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Figure 5 05: The DACs Eurocard Board
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self-check calibration can be performed by wiring a DAC to the 12 bit ADC. 
Programme DAADCCAL (Filmore 1980c) is run, which outputs voltages from the 
DAC in steps and records the result read by the ADC. This approach 
requires the ADC to be calibrated (see Section 5.3.1).
5.2.3 The parallel port interface.
One dual 8 bit parallel port (port 7) was as yet unused on the 
computer. It was planned to switch this port between three devices: an
analogue gate/delay unit, a counter timer, and a spectrum analyser. 
These functions have been implemented to various degrees by connection 
directly to the computer port and not via a Eurocard board as initially 
planned.
The analogue gate (Figure 5.6) was built to the author's design in
the Physics Department electronics workshop. It was to have two
functions: the first to gate out unwanted reflections from a received
ultrasonic signal (e.g., then to be fed into a spectrum analyser), the 
second as a digital time delay unit. The first function was never 
implemented since putting together analogue switch and amplifier proved to 
be beyond the available technical knowledge. However, the delay unit 
function proved very useful for synchronising the fast ADC (Section 
5.3.2). The circuit consisted of counters, loaded at the start time from 
thumbwheel switches. A signal was output on the counters' return to zero. 
The thumbwheel switches were wired to the circuit via a connector so that 
a multiplexed computer buffer could be connected instead, in future, to 
give a computer controlled variable time delay.
A direct cable connection was constructed to link the computer
port and a Marconi counter-timer. Complete control of the counter-timer
was not possible due to lack of control lines, but the connection enabled
102
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Figure 5.6: The Analogue Gate (schematic)
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most commonly used functions (e.g., frequency measurement) to be 
implemented from within a computer controlled experiment. For 
complete control a buffer would have to be constructed and library 
routines written for simple use.
An attempt was made to design a digital interface with a Marconi 
Spectrum Analyser. Although analyser control was impossible, the benefits 
of having access to such data would have allowed much spectral comparison 
to have been undertaken. Marconi provided details of how the data could 
be captured, but this would have required a very complex interface. A 
software approach was implemented subsequently (Section 6.2.4) when it was 
realised that the pen recorder outputs were active even on a fast scan.
5.2.4 The Pulse Controller.
The Pulse Controller is a circuit which when connected to a signal 
generator will control the generator output, producing tone bursts at a 
set rate. It has one strong advantage over using a second signal 
generator for controlling the burst duration and p.r.f., in that it does 
not need to be adjusted as the generator's frequency is changed. A 
schematic diagram of the controller is shown in Figure 5.7 and its wiring 
in Figure 5.8. The p.r.f. is derived from one of three sources chosen by a 
manual switch: an internal 1kHz astable, an external source, or a manual 
push button. The burst length is also set on switches which are loaded 
into the counters. The burst length has a range of 1 to 255 cycles. 
Figure 5.9 shows the controller connected to a signal generator and the 
burst produced by the controller. The signal generator has to be adjusted 
carefully (i.e., the trigger level control) so that the generator triggers 
on the noise part of the burst. This is necessary as the circuit was 
designed assuming that the sync, output of the generator was not gated. 
Further details including its use in controlling a stepping motor are
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detailed elsewhere (Filmore 1980a).
5.3 Data Collection
The data collection function is performed by an analogue to digital 
converter (ADC). Two different ADCs have been built, the appropriate 
converter to be chosen according to application. The fast 8 bit ADC is 
suitable for low resolution experiments (digitising between 256 levels) 
where large numbers of readings are taken (i.e., capturing a signal of 512 
data points in 17ps). The slow 12 bit ADC is suitable for high resolution 
experiments (4096 digitisation levels), but has to be used in conjunction 
with a Boxcar system. This system has the advantage of drastically 
reducing noise by averaging a repetitive signal, at the expense of being 
very slow (i.e., typically taking 5 seconds to capture a signal). The ADCs 
and the Boxcar system are controlled by the microcomputer via the control 
lines of the parallel interface boards, and are discusswd in this section.
5.3.1 The 12 bit ADC
The 12 bit ADC is a relatively slow successive approximation 
analogue to digital converter, type AD-ADC80 from Analog Devices. It has 
a maximum conversion time of 25 microseconds (ie.40 kHz) using its own 
internal clock, a maximum quoted linearity error of ±0.012%, and a 
maximum gain transfer characteristic error of 30 ppm/°C. The ADC has been 
mounted on a Eurocard (Figure 5.10) with support I.C.s to buffer all 
digital inputs and outputs. Two analogue inputs come onto the board 
through BNC sockets. A reed relay switch, activated by a computer control 
line CB2, switches either of the analogue inputs to the ADC analogue 
input. This switch has low contact resistance and is linear, but takes 
lms to switch and therefore, although ideal for the experiments reported 
in this thesis, may need to be replaced with a CMOS switch or multiplexer
108
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for fast switching applications.
An onboard manual switch allows either a +5v,5kJU or +2.5v, 2.5k>ft. 
analogue input range to be selected. A second switch activates the ADC to 
perform either a 12 bit or a faster 8 bit conversion. A conversion is 
initiated by a low to high TTL transition from the microprocessor's CA2 
control line output (Figure 5.10). This signal is inverted through a 
Schmitt Nand gate (thus preventing false triggering) to trigger a 0.8 
microsecond pulse from the monostable. This pulse directly controls the 
ADC conversion. At the end of a conversion the ADC's status pin goes 
high; this is used to interrupt the computer via the CAl control line 
input. The "convert" signal also triggers a monostable connected to an 
l.e.d., giving a visual indication of the ADC in use. The twelve digital 
output lines from the ADC are buffered via two hex inverters and connected 
to port 2 of the computer. The ADC is connected to output in 
complementary two's complement, which is inverted by the buffers, so 
requiring the computer to read in two's complement.
The ADC is calibrated by adjusting the two twenty turn zero and
gain adjustment trimmers. The following procedure can be used for
calibration (i.e., for a 12 bit ±2.5V conversion) while running the
programme TEST (Filmore, 1980c):
a) adjust the analogue input to +2.496(73)volts (i.e., 1 LSB (least 
significant bit} =1.22 mV) using a precision dc voltage source.
b) adjust the offset trimmer until the number -2047 appears on the VDU
c) adjust the analogue input to +2.496(73) volts (i.e., full
scale -2 LSBs)
d) adjust the gain trimmer until the number 2046 appears on the VDU
e) the following intermediate checks can be made for an indication of 
linearity:-
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0.0 volts 0
+1.01859 V +834 )
) using a standard cell
1.08159 V -834 )
An accurate calibration of the ADC has been performed which also 
checks for missing codes by taking readings at less than 15mV steps. 
Figure 5.11 shows the "coarse" calibration graph produced with points 
plotted only every 120 mV. Further details of the ADC including board 
construction and specific powsr supply requirements may be found in 
Ultrasonics Report 8006 (Filmore 1980c).
5.3.2 The Fast ADC
The fast analogue to digital converter refers to a module designed 
and built by the author which can directly digitise an ultrasonic signal. 
At the time of its construction in 1980, it used "state of the art" 
electronics, being built around a TRW 8 bit ADC (TDC 1007J) on its 
evaluation board. The module contains 512 bytes of fast buffer memory, 
using TRW 256 bit shift registers (TDC 1006J), which allow 17 microseconds 
of ultrasonic signal to be captured when digitising at the maximum 
frequency of 30MHz. When the module has captured the signal, the 
digitised data is read out to the computer and simultaneously sent to a 
DAC for an oscilloscope to monitor the captured signal. (The digitised 
data can just as easily be transferred to a pen recorder or some other 
apparatus.) The module acts like a transient recorder, having the
advantage over the Boxcar system and slow ADC of digitising and
transferring at speed (512 bytes of data captured and transfered to the
computer in 25 ms) . The slow system has a much higher resolution, but
since it takes 5 seconds to transfer the same digital signal, it is not
practical where many readings have to be taken (e.g., in beam plotting).
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Figure 5.11: Calibration Graph for the ADC
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A comprehensive report (Filmore, 1982) has been written to 
document the ADC and its use. The report is split into four sections, of 
which only the first section, on the operation of the ADC, need be read. 
This first section details all the input and output signals external to 
the ADC, i.e., the analogue input and the complex power supply 
arrangement. It also discusses calibration and gives a detailed account 
of a beam plotting experiment performed using this ADC. The second 
section of the report discusses the design considerations and construction 
practicalities of the complete unit. The following section details test 
procedures for the individual boards so that by adjusting the signal 
delays, the boards can be brought to work in unison at up to 30MHz. The 
last section details a fault finding scheme, necessary due to the signal 
complexity. The scheme depends on noting which of the front panel process
l.e.d.s are not working, and instructions are given accordingly.
In the experimental situation it should be noted that a delay unit 
is often required (see fig. 5.12). The timing control of an experiment is 
usually based on a signal generator producing the pulse repetition 
frequency (though this could be a one shot system with this signal being 
derived from the computer). This signal is used to trigger an ultrasonic 
burst from a transmitter, and it is the received signal after some time 
delay (due to a finite propagation speed) which is required to be 
digitised. A delay unit is used to delay the p.r.f. source and so to 
synchronise the digitising of the fast ADC with the start of the received 
signal. Two methods of delay have been used. The first uses a digital 
delay unit (discussed in Section 5.2.3) where the delay is set manually. 
The second method (required for beam plotting ) uses a Brookdeal scan 
delay generator. In this application a variable delay under computer 
control is effected by introducing a voltage from a DAC, proportional to
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the delay, to the external scan input. This necessitated a simple wiring
modification and the introduction of an isolated BNC socket on the rear of
/
the scan delay generator. If a very stable variable delay unit is used, 
the full potential of the ADC can be utilised by employing digital signal 
averaging techniques. A description of the operation of the module is now 
given, followed by a description of its construction. The initial design 
for the burst generator was provided by Mr. E. Worpe.
5.3.2.1 Operation
The front panel of the ADC module (Figure 5.13) shows the 
controls, l.e.d.s and main input/output connections. The operation of the 
module is shown schematically in Figure 5.14 with all external connections 
marked. The ADC analogue input is connected to the ADC via a six position 
rotary switch (potential divider). The switch gives a choice between one 
of three bipolar voltage ranges, +5V, +1.5V, +0.5V, and between 50 or
1000 input impedance. A limited choice of other voltage ranges can be 
set by adjusting the resistors in the potential divider.
To digitise a signal connected to the ADC input, a convert signal 
must first initialise the control circuit. This signal may either 
originate from a front panel manual push button or from an externally 
applied computer signal (ie. from control line CA2). It stops the module 
"reading out" and prepares the electronics for fast digitising. The 
digitising starts a few tens of nanoseconds after receiving a "SYNC" 
signal (this synchronisation signal is denoted Tl). On receiving the Tl 
signal a circuit called the "Burst" generator allows 513 cycles of the fl 
signal to the ADC convert input and 512 cycles of the fl signal to clock 
the memory (Figure 5.15). (The ADC's convert has to receive an extra 
cycle as it digitises on the first cycle and only outputs on the second 
cycle.) This burst completely fills the memory with data.
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When the digitising has finished, the control circuit switches the 
module to the readout mode, where bursts of frequency f2 (set by a quartz 
crystal on a separate Eurocard) are used to clock the memory only. The 
memory outputs the data to a DAC and to computer port 4, as weli as 
refreshing itself. The DAC output is used to display the captured signal 
on an oscilloscope. The oscilloscope must be triggered externally on the 
negative edge with the trigger signal provided on the module. The time 
base is adjusted depending on the frequency f2, e.g., for f2=20 kHz,
25.6ms of trace needs to be displayed by adjusting the variable time base 
to >2ms/cm.
5.3.2.2 Construction
The fast ADC system is built around five removable boards: the ADC
evaluation board, two identical memory boards, board "A" which 
communicates outside the module, and the control board "B" (Figure 5.16). 
The main module contains all the boards except board B, which is plugged 
into a slot adjacent to the module. All the signals into and out of the 
module, including the power supplies, enter the module through the edge 
connector on board A. This allows the module to be unplugged and removed 
from the rack for testing. Board A also conmunicates with the front panel 
via five way ribbon cable connectors, allowing the front panel to be 
easily removed. This board contains all the peripheral control circuitry 
(Figure 5.17 and 5.18) associated with the front panel controls and 
external connections. It also contains voltage regulators to supply 
itself and the ADC board with power. Board B contains the main control 
circuitry including the burst generator circuit (fig. 5.19 and 5.20). 
The timings in these circuits are critical, necessitating the use of very 
fast "S" version TTL gates and precise delays. These circuits were built 
on a high density Eurocard board with time critical components positioned
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close together for minimum inter-connection distance.
i
The memory boards were etched each to hold eight shift registers, 
two voltage regulators and some peripheral components. A mask (Figure 
5.21) was prepared with transfers stuck to a clear plastic sheet. An 
ultraviolet photo-resist etching system transferred the mask onto double 
sided copper board. The memory device chosen for simplicity and speed of 
operation was the TOC 1006J 256 bit shift register. This device can clock 
data through at up to 40 MHz requiring only a single clock input rather 
than the complex address decoding required for random access memory. 
Also, in 1979, when this was first designed, there were no memory I.C.'s 
with fast enough access time which left multiplexing ECL memories as a 
very complex alternative. The shift registers are rather expensive and 
so a comprehensive overvoltage protection circuit is usecUon both boards. 
If the voltage from either of the on board regulators rises above a preset 
voltage then on-board thyristors are forced to conduct, shorting the 
supply rails to ground. A "trip condition" signal is also sent to board A 
which activates a circuit controlling a relay to cut off the supply. A 
front panel reset switch is used to reinstate the supplies if the fault 
condition does not persist. The shift registers require a very high 
clocking current of 0.4A and this potential "noise" must be kept from the 
other circuits. A number of techniques have been used to eliminate this 
"noise" including the use of coaxial cables where possible, on-board 
regulators, a large number of decoupling capacitors on each board, and 
large ground planes on the memory boards.
5.3.3 The Boxcar System
The technique of using a Boxcar 'system to capture an ultrasonic 
signal has been used before (Parry and Chi vers, 1978) to produce a hard 
copy on a chart recorder. The advantages of having this information in
125
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Figure 5.21: The Memory Board Mask
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digital form have been mentioned earlier, but not least is the advantage
of being able to perform a fast Fourier transform to investigate the
/
spectral components. Figure 5.22 shows the Boxcar system connected to the 
12 bit ADC for high resolution digitisation. The Boxcar consists of two 
elements: a linear gate and a scan delay generator (Brookdeal models 9415 
and 9425). Its operation relies upon an electronic gate that is only 
opened for a few nanoseconds, but has a long output time constant. The 
point at which the gate is open is slowly swept through the received wave 
form by means of the scan delay generator. The slower the sweep speed, 
the greater the signal averaging, and so also the greater the signal 
recovery from the noise.
e  Ck.l
S colv\  b e  la w  G -e *c r«v ld C
Fig. 5.22 : The Boxcar System
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6. THE SOFTWARE SUITE
6.1 Introduction
The software suite refers to a set of programmes developed for 
standard ultrasonic experiment control, analysis and display. The 
programmes are built from library routines and enable other researchers to 
introduce simple modifications, if desired, to fit their own requirements. 
Two high level languages became available with the microcomputer from 
Southwest Technical Products. These were TCC BASIC and Lucidata PASCAL. 
Both these languages incorporated a "user" function which enabled the 
language to interface with an assembler subroutine. Of the two, the 
PASCAL language allowed greater control of the disc file access and its 
"user" function allowed many variables to be passed. This language also 
proved to be very suitable for writing compact, well structured experiment 
control programmes. BASIC, on the other hand, was more convenient for 
writing the analysis and display programmes where many revisions were 
needed; these in PASCAL would have required much editing-compiling time.
Two separate libraries were written, one for each language. The 
libraries contain many individual routines, each operating, when called, a 
single electronic device, for example, a DAC. The libraries in BASIC and 
PASCAL were called BLIB and PLIB respectively. A third simple basic 
library called PLOTB is used to control the plotting of a Bryans X-Y 
recorder. The library routines were written in TCC ASSEMBLER by Dr. R. A. 
Bacon at the same time as the experiment control electronics were being 
built by the present author. This led to a highly flexible tailored
130
system geared to ultrasonic measurements. Details of the library routines 
and their calling is given for completeness in Appendix 2.
/
This chapter discusses the computer programmes written and used 
during this period of research. Control programmes for directivity and 
beam plotting experiments are outlined in Section 6.2, the subsequent data 
analysis and display is described in Section 6.3, (further details of 
these programmes can be found elsewhere (Filmore, 1980d)), and the final 
section (6.4.) describes some theoretical modelling programmes written on 
a BBC Microcomputer system.
6.2 Experiment Control
6.2.1 Introduction
This section describes the programmes written PASCAL for 
experiment control. The programmes have all been written using the FLEX 
editing facility, then compiled with the appropriate libraries appended. 
To compile a text file called TEXT, the following procedure is carried out 
on the computer:-
1. Compile the file 
R. PASCAL TEXT.TXT
2. Append the data file name (e.g. TEXT.DAT to be written on drive 1)
RS TEXT 1.TEXT.DAT
3. Save the file as directed, e.g.
SAVE TEXT.INT 0,C64,C56
4. Append the libraries to form the command file 
APPEND TEXT.INT,COMMON.OVL,PLIB.BIN,TEXT.CMD
5. The command file (TEXT.CMD) may be tun at any time by typing "TEXT" .
6.2.2. Directivity control.
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Programme DIRECT (Appendix 3.1) controls the O-stepping motor, the
Boxcar, and 12 bit ADC, in the performance of a totally automatic
/
directivity experiment. After the hydrophone has been aligned (Section 
8.2.3) and manually rotated to check that the ADC input voltage does not 
overload, the hydrophone is positioned at one extreme angle of the scan 
(e.g. at 135 degrees to the acoustic axis) and the programme run. The 
programme steps the 9-stepping motor a set number of times (eg. 150), this 
number having been read into the programme at the start. In between each 
1.8 degree step the Boxcar is started and the ADC converts, under 
interrupt control, a pre-set number of times on the waveform. This 
digitised waveform is stored on disc before the next rotational step 
occurs. The ADC's converting is controlled by programming a timer board 
in the computer via a library routine. The period between conversions and 
the number of conversions required are read in at the start of the 
programme (eg. a timer code of 4 and multiplication factor of 2 gives a 
period of 2 x 10 ms). The period between conversions has to be calculated 
knowing the burst length required to be digitised and the Boxcar settings 
(see Chapter 8, table 8.1). At the end of the programme run, a data file 
(eg. of 150 x 256 data points) will have been created called PDAT.DAT. 
This file must be renamed or the next programme run will overwrite the 
file. Figure 6.1 shows two digitised tone bursts of 200 points from a 
directivity experiment. Programme BOXSET (Appendix 3.2) is used to aid 
setting up the Boxcar/ADC i.e., checking that the pulse is digitised 
effectively.
6.2.3 Beam Plotting Control
Two beam plotting programmes have been written, the first uses the 
Boxcar and 12 bit ADC, and the second u$es the fast ADC. Both programmes 
are initialised with the number of x-axis steps scanning across the 
transducer (XN), their step length (XS), the total number of scans (ie.
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YMAX=206
Figure 6.1: Digitised tone bursts received by hydrophone H9004
(left hand side) at angles 28.5* and -18.3° to the beam. 
The modulus of the Fast Fourier Transform for each burst 
is plotted on the right hand side.
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the number of times the hydrophone is moved back along the z-axis from the
transducer (ZN) and the z-axis step length (ZS). The step lengths are
/
integer numbers, where 200 is equivalent to 1.5nm (ie. one revolution of a 
1.5mm pitch screwthread). At the start of each x-axis scan across the 
transducer, the hydrophone is moved to take up any backlash in the thread. 
Both programmes use a Scan Delay Generator to produce a computer 
controlled variable time delay. This enables the synchronisation of the 
digitising to follow the time delay produced by moving the hydrophone away 
from the transducer between each scan.
Programme BEAMPLOT (Appendix 3.3) is a relatively slow programme 
which uses the 12 bit ADC and Boxcar to digitise and write each captured 
burst onto disc. A typical programme (f=3MHz, 256 samples/burst) with 
XN=20 and ZN=7 takes two hours to run.
As the Scan Delay Generator is being used to produce a variable
delay for the z-axis movement, the scanning through each burst has to be 
controlled by the programme, with the ADC digitising between each delay 
increment. This necessitates having the ADC also under programme control 
rather than, as previously, using a timer board to cause interrupts. A 
delay between each conversion is produced by a software procedure and may 
be set in multiples of 10 ms. at the beginning of the programme. The 
software delay was found necessary in order to allow the DAC/Scan Delay 
Generator produced delay, to settle to a constant value.
A programme BEAMSET (Appendix 3.4) is used to aid setting up the
Boxcar. This menu driven programme also allows setting up of the 
electronics to make sure that the ADC does not overload. Further details 
of the set up procedure and beam plotting are mentioned in Section 6.3.1.2
and in Chapter 9. Beam plotting using the fast ADC is very similar. The
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control programme EBMPLOT (Appendix 3.5) has more comprehensive control of 
the movements. The hydrophone is aligned on the axis of the transducer 
and the progranme moves the hydrophone to the start of scan position. It 
also returns the hydrophone to the start position at the end of the run. 
The programme does not store each digitised burst to disc, but calculates 
the peak to peak burst amplitude and writes this to disc, ready for 
immediate plotting. The peak to peak calculation checks for an overload 
condition or noise(e.g. voltage spikes). The programme digitises two 
bursts and checks that the positive maxima and negative maxima from each 
burst are very similar (ie. to within a threshold of 5 digitising units). 
If the maxima are not within the threshold then the programme controls the 
ADC in digitising a further two bursts, and this process continues until 
the maxima are within the threshold. A facility is available to pause the 
programme in the instance of noise or problems of overload. When the 
problem has been resolved the run can continue from its paused position. 
A nenu driven set-up programme BEAMFSET (Appendix 3.6) is available for 
setting up the ADC and electronics before the control programme is run.
6.2.4 Spectrum Analyser Control.
The programme SPECTRUM (Appendix 3.7) was developed to collect the 
data from a limited function Marconi Spectrum Analyser and store the scan 
on the computer system for subsequent analysis. The simple programme 
shown requires the user to find the timer board setting (to control the 12 
bit ADC digitising frequency) by trial and error. In addition, the 
digitising start time is not synchronised with the start of the spectrum 
data and so some data manipulation is required. Unfortunately every 
different analyser scan speed setting requires a different digitisation 
frequency. A procedure for automatically calculating this frequency and 
synchronising with the start of the scan has been worked out but not 
implemented. It requires using both inputs to the 12 bit ADC, one
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connected to the chart recorder X-output and one to the Y-output. The 
X-output consists of a ramp voltage from 0 to 5.5V over the duration of
the scan (120 ms minimum) followed by a period of constant voltage output
(5ms minimum). If the ADC digitises the X-output first, the end of scan
and start of scan times can be found, by identifying the constant voltage
period. This enables the computer to switch the ADC over to the Y-input
and start digitising the spectrum data at the start of a (repedative)
scan. The frequency of digitisation can first be calculated by measuring
the ramp period, so allowing an automatic data transfer.
6.3 Data Analysis and Display
The data analysis and display programmes are written in BASIC. The 
programmes can directly access the data files produced using the PASCAL 
control programmes, by utilising the BASIC library routines. The 
analysis programmes produce further data files, the contents of which can 
be displayed using the -standard display programmes. The displays 
available are: numbers on a VDU, one or two dimensional polar plots on an 
oscilloscope, and hard copy for a plotter.
6.3.1 Data Analysis
6.3.1.1 Directivities
The data files from the directivity control programme contain 
digitised bursts at each angle recorded. Programme PEAK (Appendix 3.8) 
calculates the maximum positive peak to negative peak amplitude for each 
burst and writes this peak to peak information to a disc file. This file 
is then analysed by programme DIRPLOT (Appendix 3.9) to produce a two 
dimensional directivity plot on an oscilloscope.
The programme controls the DACs, which are connected to an 
oscilloscope set in the x-y mode, to produce this display (i.e., DAC 1 is
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connected to the x-deflection and DAC 0 to the y-deflection). The x,y 
co-ordinates of each point are calculated knowing the angle and the radial 
distance from the central origin. The radial distance from the origin is 
the peak-to-peak amplitude scaled so that the maximum (at whatever angle 
it occurs) is 98% of the radial axis length and the minimum 10% using a 
linear scaling between these extremes. The calculated xfy co-ordinates 
for each point are stored in a disc file for subsequent plotting on a 
chart recorder. Programme DIRPLOT also locates the forward lobe maximum, 
and if a side lobe is larger, gives the option of scaling on the forward 
lobe. The on-axis peak-to-peak amplitude is also found and displayed. 
Figure 6.2 diows a full size directivity plot which has been plotted on a 
chart recorder.
Subsequent data analysis required the subtended angle (the angle 
between the -6dB points on the forward lobe) and the forward lobe 
peak-to-peak amplitude to be calculated. This information was easy to 
collate by running programme SUBANGLP (Appendix 3.10) through all the 
peak-to-peak amplitude files. This was made possible by having all the 
data files numbered sequentially, allowing a single run of the programme 
to process all files on a single floppy disc. The data files were 
prefixed with "PDATA" for the raw digitised burst data, "PPK" for the 
peak-to-peak data, and "PDIR" for the plotting files.
6.3.1.2 Beam plotting
Programme PROFILE (Appendix 3.11) produces an automatic plot of beam 
profiles on an x-y plotter. The data input is the peak-to-peak 
information from programme FBMPLOT (see Section 6.2.3). Another very 
similar programme has been written, using the data from programme 
BEAMPLOT, which initially calculates the peak-to-peak value for each 
burst, as found in programme PEAK. The programme is able to perform
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Hydrophone Nos. 4 * 0 3  Orientation*. ®  Date Exp. Ilz- 
Directivity (pk-pk/Modulus) . .ffcrflS...............................
Frequency: 3*£Oo MHz. PW/CIV Source: P W
Forward lobe: -Max. digitised nos.= ^ * s ® at-|*S degrees . 5 4017 a%\/ 
0 degree " " = ?54l = 4000 mV pk-pk
V/2 " " =l77o*f at ° f, °
Subtended angle = !2:5*l degrees.
Data file: PbfVTft (iT£>Peak file: PPJ<65 Plotting file: PblfH4S
Peak file from program:
Figure 6.2: A Directivity Plot
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automatic scaling as the number of x and z steps (XN & ZN) used in the 
experiment are stored at the start of the peak-to-peak data file. The 
distance between the hydrophone and transducer at the start of the 
experiment has to be entered into the programme, as does the transducer 
radius. The programme gives a scaled spatial plot with the transducer 
diameter being shown for scale reference (Figure 6.3).
6.3.1.3 Fast Fourier Transforms
A suite of programmes was written to fast Fourier transform (FFT) 
pulse data files to obtain the spectral contents, which was then stored as 
a separate file. Different versions of the basic FFT routine were 
required as a compromise between speed of execution, and the accuracy of 
the transformation. The accuracy is mainly controlled by the numerical 
range of the variables, i.e., whether using integer,^-yirtual, or real 
variables. The transform used was based on an example of a Cooley-Tukey
FFT (Higgins, 1974). The data has to be placed in a complex array (i.e.,
real and imaginary parts adjacent in storage) whose length NN must be a 
powar of 2 (e.g., 256 or 512). A parameter IZ (value +1 or -1) specifies 
a forward or inverse transform. Programne FFT1 (Appendix 3.12) gives the 
listing of this example translated from FORTRAN into BASIC. A further 
programne FFT1L00P (Appendix 3.13) is a speeded up version of FFTl which 
performs many transforms, e.g., on the 150 pulses from a directivity plot 
file. For this example the programme run is 12 hours (i.e., overnight).
More efficient algorithms are now available and an example with an easily
accessible bit reversal function was implemented. A machine code bit 
reversal routine has recently been added to the BASIC library which, when 
used to replace the BASIC bit reversal function, should speed up execution
t
considerably. The paper referred to by Higgins points out the commonly 
known pitfalls associated with sampled data over a finite window. Many 
text books are now available on the subject (e.g., Brigham, 1974).
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Many other programmes were written, but not included here, to act as
i
utilities. Programme EWRFIL writes a file of test data using a simple 
sine/cosine formula. The data files produced were used to test the FFT 
(N.B. forward then reverse transforming of any data file also tests the 
FFT; the original data file should be reobtained, with each element 
multiplied by the number of points on the file). Another useful utility, 
FILEMULT, is used to multiply the contents of two files together, element 
by element. It can also be easily modified to multiply one file by a 
constant. Programme PULSEOUT (Appendix 3.14) is used to extract a single 
pulse or spectrum fran within a file of many pulses or spectra. This 
single file of data can then be compared or displayed.
6.3.2 Data Display
Programmes have been written to display the contents of files on 
either the VDU, an oscilloscope or an X-Y plotter. Simple variations of 
the programmes which are used to display real or virtual data (i.e., high 
precision integer data) compared to the integer data programmes described 
here, have been omitted. A convention of prefixing the file names with R 
or V for real or virtual file handling, has been adopted. Programmes 
similar to PULSEOUT (Appendix 3.14) are used to change files from one 
variable type to another.
Programme PREAD (Appendix 3.15) is used to read data from a file and 
write to the VDU for viewing. A simple modification redirects the output 
to a teletype for hard copy. Programme ONEDPLOT (Appendix 3.16) displays 
a one-dimensional file, e.g., pulse data, on an oscilloscope. The 
contents of the file are sent constantly to a DAC, which is used to 
control the oscilloscope's Y-def lection. The time base of the 
oscilloscope has to be adjusted to synchronise and display all the data.
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Programme TWODPLOT (Appendix 3.17) is similar except that it displays a 
two dimensional file on the oscilloscope by controlling both the X and Y 
deflections through the two DACs. This allows viewing of the directivity
plots before producing hard copy. Note that the oscilloscope's time base
has to be switched to the X-Y mode.
To aid the setting up of the X-Y plotter, programme GREADY (Appendix
3.18) is used. With the pen up this programme will constantly move the
pen around the extremity of the plotting area or along the axes. This 
enables the plotter's X and Y offsets and gain to be adjusted for the 
particular requirement. When adjusted, the pen can be lowered to draw a 
box or the axes. Programme BRYPLOT (Appendix 3.19) is used to plot 
one-dimensional files, e.g., pulses or spectra. The data is automatically 
scaled to whatever plotting area is required. This allows many files to 
be plotted on the same piece of paper (see Figure 6.1). Programme GPLOT 
(Appendix 3.20) is used to plot pre-scaled directivity plots (i.e., 
two-dimensional files) and as mentioned earlier, programme PROFILE is 
used in plotting beam profiles. A utility to write characters on the 
plotter was developed: programme GLETTER (Appendix 3.21). This
programme calls a data file "LETTERS" which contains the plotter movements 
for drawing each character (the character set having been written 
previously by programme WLETTER). In a fully automated system it is 
assumed that this programme would be CHAINed after the plotter routines to 
write full experimental details on the calibration charts.
6.4. Theoretical Calculations
Theoretical modelling programmes were written on a BBC microcomputer 
system. This system has the advantage of easily being able to display 
high resolution graphics and with the aid of a screen dump utility, the 
screen contents can be rapidly printed for hard copy. Three programmes
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were written to produce results from different theoretical models. These 
programmes are discussed below. The results are compared, in Chapter 8, 
with experimental results.
The simplest programme, MINIMA. (Appendix 3.22) is used to tabulate 
the theoretical first angle minima from a directivity plot at the 
measurement frequencies for all the hydrophones constructed. The 
programme uses the following formula (Wells, 1977):-
lst angular minimum = arcs in (0.61* wavelength) ...........(6.1)
Variations on this programme were used to find whether a constant radius, 
i.e., an effective radius, gives closer correlation between theoretical 
and experimental results.
Programme DISK (Appendix 3.23) was written 40 duplicate the 
directivity response of Chivers' and Hinton's paper (1981), particularly 
since certain results in this paper appeared to differ from other models. 
The programme calculates the response at different angles and writes these 
to a disc file. Programme DISPLOT (Appendix 3.24) uses this data file to 
produce a high resolution graphical plot, which can be dumped to a 
printer. The response R at each angle is calculated by summing the 
response from many small elements across the disc face, i.e. :-
Programme PLATE (Appendix 3.25) uses a Bessel function subroutine to 
calculate the directivity response using a rigid baffle, an unbaffled, 
and a soft baffled model. The three responses are displayed graphically, 
and may be dumped to a printer. The responses are calculated from the 
following models:-
(hydrophone radius)
x=+a
R (6) 2 cos 0 dx2
a) rigid baffle model (e.g. Merhaut 1981)
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V (0) = Vo /2J1 (ka sin0)
\ kasin© /
b) soft baffle model (Selfridge et al, 1980)
V (0> = Vo / 2Jl (kasinei \ , cos9
\ kasin© /
c) unbaffled model (Delannoy et'al, 1979)
V (0) = Vo /2J,Ckasin0)1 Ck  \ / 1 + cos0\
\ kasin0 / V ^ •
where in each case:- Jl(kasin©) is a Bessel function of first order,
k=wave number, a=piston radius,
V=on-axis output voltage.
The Bessel function subroutine has been implemented using the 
algorithms suggested by Relton (1946). The algorithms used were:-
a) For x£3tt
Jn (x) - x2 ^1 - x2 + xk -....... . ^
2nn! (_ 2(2n+2) 2.4(2n+2)(2n+4)
1
b) For x>3tt 1
Jl = / 2 cos (x-|tt)
/J ttx
The computation of the Bessel function algorithums were checked for 
accuracy against four figure tables (Kinsler & Frey, 1982). Very close 
agreement was reached.
For the case of n = 1, i.e. (x) NB series was terminated when 
summing the series, the next term added was <  0.000 001.
CHAPTER SEVEN 
HYDROPHONE CONSTRUCTION
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7. HYDROPHONE CONSTRUCTION
7.1 Theory and Practice
Section 2.5 discussed the background to ultrasonic receivers and 
noted the lack of detail in the reporting of their construction and 
testing. There were also few reports specifically on ceramic hydrophones 
having been built; the two that are reasonably well reported are probes 
developed for specific measurements (Lewin 1978, Lewin & Chivers 1981, 
Aindow 1983) at the same time or after the present work.
The theoretical side of hydrophone construction is also limited, 
most information coming from transducer (i.e. transmitter) design (e.g., 
Smith & Awojobi 1979, Hayward 1984, Persson & Hertz 1985). The aspect 
which is most relevant is that of the mounting and backing of the disc. 
This will be considered later in this subsection. Other aspects of design 
and construction have been considered in the Pilot Study (Chapter 3), the 
end result of which was the identification and construction of hydrophones 
of a simple form, i.e. a form where all variables could,in principle, be 
controlled. The latter part of this subsection outlines a simple 
hydrophone design which fits these criteria. One of the main variables in 
the construction, the shape of the PZT disc, is rigorously defined by a 
novel disc cutting and assessment procedure (Filmore & Chivers 1982), 
reported in Section 7.2. The systematic construction procedure developed 
is detailed in Section 7.3, including a test scheme to reduce failures. 
The last Section, 7.4,reports details of the batches and attempts to 
identify how well batch construction has been achieved.
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The mounting of the piezoelectric disc on a hydrophone body is 
important. As the disc has to be bonded in someway to the body, there may
i
be acoustic coupling into the body. This would give rise to sound being 
returned to the disc after some time delay and causing interference. The 
general case of when an acoustic wave travelling in one medium 
encounters the boundary of a second medium, is treated in many text books 
(E.g., Wells, 1977 and more thoroughly Kinsler & Frey, 1982). For 
hydrophones we are interested in propagation from PZT into a backing 
material or bonding layer, ie. estimating the pressure transmission 
coefficient T.
T = 2   7.1
(1 + rl/r2 )
where rl = characteristic acoustic impedance in PZT 
= density x wave velocity of PZT 
r2 = characteristic acoustic impedance in backing material 
= density x wave velocity in backing material
Table 7.1 gives values of the characteristic acoustic impedance
for PZT and epoxy. The large mismatch in their acoustic impedance gives 
rise to a pressure transmission coefficient of only 25% for PZT 26 (ie. 
75% is reflected back into the PZT to cause interference). The magnitude 
of the acoustic wave leaving the PZT is difficult to estimate as the PZT 
has high internal damping, but that a wave is transmitted and received 
back is shown in Figure 7.1. This figure shows the reflected signal, 
probably from the far end of the glass hydrophone body having been 
attenuated by 18 dB (using "cycle 3" of the direct and reflected wave).
There are many reports on the use of backing material on PZT 
transducers (transmitters), to reduce the acoustic impedance mismatch. 
The most relevant and thorough report is of Bainton and Silk (1980) and 
more recently Silk (1984). Bainton and Silk discuss ultrasonic propagation 
in tungsten/Araldite backing materials. They found that adding tungsten to 
Araldite caused an immediate fall in the acoustic velocity as presumably 
the addition of tungsten increased the material density without materially
Volume % 
Tungsten
0
12
20
30
40
50
60
65
Approx. Acoustic 
Impedance+ of 
Tungsten/Araldite 
(Nsm~3)*106
3.1
5.5
6.5
8.5 
11.0
14.0
19.5
22.0
Pressure 
Transmission 
Coefficent 
for PZT 24
%.
23.7
38.5
44.0 
53.9
64.6
75.6
91.7
97.7
Pressure 
Transmission 
Goefficent 
for PZT 26
%
25.2
40.7
46.4
56.6
67.6
78.8
95.0 
100
+Bainton and Silk 1980
Table 7.1; Pressure Transmission Coefficent for different volume 
percentages of tungsten.
The following data was used in the above calculations
Acoustic Wave 
Velocity (ms-1)
Density 
(kgm"3)
Acoustic
Impedance
(Nsm“3)*106
PZT 24 
PZT 26 
Epoxy
3035*
2815*
2615
7600*
7650*
1180
23.06
21.53
3.086
*Ferroperm, Copenhagen
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increasing its elastic modulius. The acoustic velocity in pure Araldite
fell from about 2.5knv/s to 1.4kn/s for a 35% volume inclusion of tungsten
/
mix. The acoustic velocity only recovered its initial value of 2.5knv/s 
for an 80% volume content of tungsten . As the density of the tungsten 
suspension in Araldite increases linearly with the volume percentage 
added, the acoustic impedance (velocity x density) only increases very 
slowly with the concentration of tungsten, until about a 50% suspension is 
achieved and then it starts to rise more steeply. To match exactly the 
acoustic impedance of PZT, a 65% volume tungsten mix is required, and 
this Bainton and Silk found very hard to achieve in practice. Table 7.1 
gives values ofthe acoustic impedance for different tungsten mixes, from 
Bainton and Silk. It also calculates the percentage pressure transmission 
coefficients for PZT24 and PZ26 using formula 7.1.
Practical attempts to back discs with a tungsten/araldite 
suspension proved difficult. The highest volume percentage of tungsten to 
Araldite which could be worked as a liquid (ie. sucked into the glass tube 
of a hydrophone body) was 12%, using a low viscosity epoxy. A block made 
from this mix was measured to have an acoustic velocity of 1730n/s , which 
agrees within experimental error with the Bainton and Silk results. 
Problems with using this mix included getting a homogenous suspension, 
which would be needed when trying to make "identical" hydrophones in a 
batch. The advantage of using the tungsten backing (even 12% volume of 
tungsten) is the increase from 25% (for a pure araldite backing) to 40% 
for the pressure transmission coefficient (Table 7.1).
Making a high percentage tungsten backing was considered. The 
usual approach for transducers is to machine a solid block of material to 
the correct diameter and then stick on the PZT disc with epoxy. For discs 
with diameter less than 1mm this is not feasible, and so the possibility
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was considered of making a rig which could extrude out cylinders of 
"liquid" suspension under pressure and of the correct diameter. This 
approach was not attempted, because of the introduction of further 
uncertainties in tothe probe construction, particularly that of the bond 
between the backing and disc.
Bainton and Silk addressed the problem of bonding in calculating the 
bonding layer thickness which would reflect 10% ultrasonic amplitude at 
normal incidence. At 5MHz, they estimate the bonding layer thickness 
would be 5 microns, which is far less than the 15 micron flatness they 
quote forthe PZT discs. They also point out the variability in flatness 
between crystals, and variability in tungsten particle diameter (8 to 30 
microns), both of which would add extra unknowns in producing batches of 
similar hydrophones. Note that only recently has a different backing 
material with some advantages been suggested (Sayers and Tait 1984), that 
of pressed tungsten powder, with a powder of plastic metal. Whether or not 
this could be fabricated in small cylinders remains to be investigated.
From these considerations and the conclusions of the Pilot Study 
it was decided to base the hydrophone design on a well defined PZT disc 
(see Section 7.2) mounted on a cylinder of either epoxy or 12% tungsten 
and epoxy. The length of the cylinder being of a reasonable length (eg. 
4cm.) to delay and attenuate any transmitted wave. Values in the 
literature (Lutsch 1962, from Wells 1977) give an attenuation of 5.6dB/cm 
for 10% tungsten/Araldite at 1MHz, compared to 2.0dB/cm for pure 
Araldite. Even for pure Araldite backing, a length of 4 an. would 
attenuate the signal by 16dB at 1MHz and delay a reflected signal by about 
3 microseconds.
Four hydrophones numbered 101 to 104 were constructed to gain
experience before finalising the design. Diferent methods of attaching 
the PZT disc to the glass hydrophone body were attempted. Also experience 
of backing the disc with a length of Araldite was gained with one of the 
hydrophones. Methods of attaching contacts were also investigated and the 
use of a thick central conductor dismissed in favour of a fine 25micron 
gold wire. It was assumed that the fine gold wire would be far less 
likely to propagate acoustic waves,and that theoretical modelling of 
hydrophones would be simpler if the central contact could be neglected. 
In addition, the finer the central conducter the smaller the shunt 
capacitance it would produce.
7.2 Disc Cutting and Assessment
The work in this sub-section details the first systematic
approach to the cutting and assessment of sub-millimeter ceramic discs. 
To the authors' knowledge the only reported approach previously was to cut 
the ceramic using a scalpel viewed through a microscope. The assessment 
consisted of finding a cut piece of ceramic which was reasonably circular 
(Lewin 1978) but no quantitative assessment of the disc was reported. The 
technique now described has the advantages of enabling the cutting of a 
large number of precise discs from one large piece of poled material, 
thereby ensuring a batch of hydrophones which are constructed from very 
similar characteristic material.
The elements were cut from 10mm diameter discs of 0.1mm thickness 
(ie. 15MHz resonant discs, when unmounted) manufactured by Ferroperm, 
Copenhagen. The characteristics of the material used (PZ24 and PZ26) are 
shown in Appendix 1. The thickness has a quoted tolerance of 3%, the 
elastic constants 5%, and the density variations 1% between batches and 
within 1% in a batch (Wolny 1980). It seems reasonable to suppose that 
within a single disc these variations would be much smaller. The cutting
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was carried out using an ultrasonic drill. The original 10mn diameter 
disc of ceramic having first been mounted, as shown in figure 7.2, onto a
i
parallel sided polished perspex block using low melting point wax. A thin 
layer of this wax was also spread over the top surface of the ceramic to 
protect the electrode deposit from abrasion. A specially constructed bit 
(figure 7.3) was used in the ultrasonic drill (Mullard type E768013) to 
cut the disc. The cutting was achieved with an abrasive suspension of 
fine (micron) silicon carbide particles in water, which was continually 
supplied with a fine brush. The ultrasonic drill frequency also had to be 
constantly tuned for a "healthy sizzling" cutting sound. Progress in the 
cutting process was monitored via a mirror placed under the perspex block 
(see figure 7.2). When a black circle appeared, the cutting of the disc 
was completed.
The first drill bits were made from brass, but it was found that 
they wore very quickly and-produced unacceptable amounts of bevel on the 
disc perimeter. Further bits were constructed of stainless steel which is 
a much harder material. No appreciable wear was seen on these bits after 
one bit had cut twenty large elements (lnm diameter). However, it was 
considered necessary to inspect each bit regularly for damage in the 
cutting operation. The bits constructed had holes from 0.26 to 2.12 mm 
and cutting edges from 0.09 to 0.24 irm as measured on a travelling 
microscope. Only two of these drill bits were used for batch construction 
(see Section 7.4).
After cutting a number of disks the abrasive was washed away, the 
discs were removed from the block, cleaned and stored in a special holder. 
Removal and handling of the disks required considerable care. The smaller 
ones are difficult to see and may easily be lost in the hairs of a fine 
brush. In addition their electrodes are easily scratched and the edges
153
• Ultrasonic Drill 
Head
Uave Guide
Nut
Drill Bit
PZT Disk
Perspex Block
Plasticine
W / sv -s/s/jr-T? / S//S// /s /r/Y,
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Figure 7.3: The Ultrasonic Drill Bit
154
crumble if not handled gently. After melting the wax by resting the block 
on an electric hotplate, the disks were transferred using fine tweezers to 
a filter paper in a Petrie dish. The dish was filled with 
trichlorethylene which was gently boiled in a fume cupboard to remove wax 
and abrasive. Obstinate dirt was removed by gently wiping the disk*faces 
with cotton wool. After all the trichlorethylene had evaporated the disks 
were transferred with a fine brush to a specially designed holder.
The holder was of critical design (plate 7.1) and was only 
developed after many prototypes were found to be inadequate. It was 
necessary to assess the electroded area from both sides of the disk. 
These were easy to distinguish with the material used since one side had a 
silver electrode and the other a gold one, the latter corresponding the 
positive electrode during the poling of the piezoelectric material. For 
convenience the holder was designed to prevent the disk turning over. 
Fabrication from two pieces of transparent material was considered 
impractical, and a three-piece sandwich design was chosen, consisting of a 
piece of electronic circuit board ('Veroboard') between two glass 
microscope slides. The circuit board was modified in the following ways : 
the holes were enlarged to accommodate a range of disk sizes, the copper 
connectors were stripped off, and the board was abraded on both sides.
The abrasion achieved two objectives. Firstly it reduced the thickness to 
be less than the smallest disk diameter, thus preventing the disks turning 
over, and secondly it made the faces sufficiently flat (less than 0.1 
mm) to prevent the disks sliding from one compartment to the next. The 
holes on the 'Veroboard' were numbered with indelible ink to identify the 
disks.
The lower microscope slide was bonded to the 'Veroboard' with 
glyceel around its edges. After the disks had been inserted the holes
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were filled with glycerol (to obtain a clearer microscope image ) using a 
dropper to prevent the inclusion of air bubbles, and the top slide cover 
slid into place and taped down. In this manner the disks were identified 
and safely contained for transportation, assessment and storage until 
needed.
The initial inspection was a qualitative visual inspection of the 
surface and edge condition of both sides of each disk under a microscope 
(xl5 magnification). Plate 7.2 shows a disk with a good edge condition 
and a slight surface scratch. The figure also shows part of a badly 
damaged disk. The disks were then quantitatively assessed under a 
conmercially available image analyser (Quantimet-720, Cambridge 
Instruments). This is based on a 720 line non-interlaced television 
system with the camera attached to the microscope. The area viewed is 
divided into 500,000 pixels and the analyser has a large nuirber of 
analytical procedures with a computational accuracy of 4 pixels. For the 
present investigation, an area mode was used, the delineation of the area 
being set and the 55% brightness (intensity) contour. The disks were 
veiwed mainly by reflected light to identify the edges. For each disk, 
the disk area, the area of damage (ie. without electrode) and the 
perimeter of the electrode were measured on each side. Any dust particles 
which might have introduced errors were edited out using a light pen 
facility. The Quantimet area and perimeter units were calibrated by 
putting a ruled grid of known dimensions under the microscope. In 
addition, some measurements were taken directly using a travelling 
microscope (see Table 7.2). These agreed to within 0.6% with those from 
the analyser. Measurement of four different diameters, at 45 degree 
intervals, on the travelling microscope confirmed the excellent circular 
symmetry of the individual disks produced. Diameter variations were 
typically less than 1%.
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Plate 7.2: Micrograph of cut discs, and gold wire contact
(bottom)
Angle/degree Diameter/mm Average Diameter/mm
0
45
90
135
0.845 +0.0015 0.8525 ± 0.0015
0.848
0.857
0.850
The error quoted is an estimate of the inaccuracy in judging the 
disk's true edge.
Diameter from Quantimet area measurement: 0.8578rrm 
Difference between diameters = 0.6%
Table 7.2: A comparison of the disk diameter derived from the 
Quantimet area measurement and the mean diameter measured at four 
different angles through its centre with a Wild microscope.
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It is difficult to evaluate the effective area of the elements, 
ie. the same area common to the two electrodes. It was therefore decided 
to take the mean of the two electrode areas and use this to derive the 
mean element radius. Variations of up to 20% were observed in the area of 
electrode contact obtained using the sane drill bit. Howaver, in practice 
the disks were cut in batches of 10, and within a batch the area variation 
seldom exceeded 5%. The fractional area of the disks that was not 
electroded varied between 2% and 15% in a total of 50 disks cut, with a 
mean value of approximately 5%. It was found that the qualitative visual 
inspection was as important as the quantitative one, and was the primary 
basis of disk selection. Approximately half of the disks cut were wasted, 
either by being lost, damaged or exhibiting poor electrode contact or edge 
profile.
It was interesting to note (see Section 7.4) that although the same 
drill bit (bit 14) was used for cutting batches 300 and 400, the disk 
diameters between batches were quite different, ie. 300 series mean 
diameter 0.8370 +0.013mm and 400 series 0.8764 +0.0117mm . The
difference can only be attributed to either the slightly higher density 
ceramic of the 400 series or different settings on the ultrasonic drill. 
(N.B. The 300 series disks were cut first) . Perpendicular measurements 
made on the drill bit used (bit 14) gave diameters of 0.894 and 0.891mm 
and cutting edges of 0.230, 0.213, 0.235 and 0.2111 mm. A microscope 
with a Vernier x-y movable stage was used for these measurements. Further 
details of disk cutting and assessment can be found elsewhere (Filmore & 
Chivers, 1982a & b).
7.3 CONSTRUCTION
Experience in hydrophone construction was initially gained during
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construction of the FET hydrophones reported in Chapter 3. Since it was 
concluded that the FET stage could be emitted, the large body now became 
redundant. Also as discussed earlier in this chapter (Section 7.1), the 
ideal dimensions for a probe led to the probe design being based on a long 
thin body of similar diameter to that of the element.
Two simple possibilities existed for the material of the 
hydrophone body, the first using stainless steel hyperdermic needles, and 
the second drawing out glass tubing to the necessary diameter. Though the 
stainless steel was practical for a rugged design, the glass tubing was 
chosen to allow easy inspection of the disk mounting. Glass also has the 
advantage of being an insulator and so removes the problem of insulating 
the internal contact. It was envisaged that practical probes to be used 
in a routine calibration environment, would need to be made more rugged, 
ie. to be made from stainless steel.
Handling the glass tubing and mounting the element was practised 
whilst constructing an initial batch of hydrophones (numbered 101 to 105). 
These hydrophones were of different dimensions and were made with 
different backing materials, and so no experimental batch results are 
reported from them. As discussed earlier (Section 7.1) three different 
types of backing material were investigated in this batch:- epoxy, epoxy 
loaded with tungsten, and silicon sealant. The plain epoxy, being by far 
the easiest material for the reproducible construction of hydrophones, was 
used in the following batch construction. A detailed account of the 
construction procedure follows, with observations and further detailed 
notes being reserved until Section 7.3.2.
7.3.1 Construction procedure
1. The disks were cleaned individually by inmersion in hot trichlorethene
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in a fume cupboard, and then transferred to small individually nuirbered 
boxes. A fine paintbrush was found to be the best instrument to move the 
disks undamaged. Each disk was then placed with gold face upwards on a 
specially made mount (Note 1, Section 7.3.2),on a commercial bonding 
machine (Model TCB21, Preccina, Colchester, England). A 
thermo-compression bond was then formed between the gold coating of the 
disk and the attached 25micron diameter gold wire. A heat pulse of 500 C 
for 1.5 seconds (see Note 2) was used, and about 70 mm. of gold wire drawn 
out from the bonding machine before being automatically cut off. The wire 
attached to the disk was coiled in a gentle curve and replaced in its
numbered box. Further disks were then wired.
2. Pyrex glass tubing was drawn out over a bunsen burner to the
diameter required for the probe body. The tubing was broken to the 
required length (about 50 mm.) and the element end polished flat (as 
viewed under a microscope) using 600 grade wet and dry paper.
3. The weak and springy gold wire attached to the element was
straightened out very carefully by supporting the wire near the element 
and running a finger down the length of the wire. It is important not to 
get any kinks in the wire as these become a source of weakness and
snagging when threading the wire into the glass tube. To thread the
wire,the glass tube was held 1 mm. above the work surface with plasticine
and the wire coaxed millimeter by millimeter into the tube by gently
holding the wire with very fine-nosed tweezers no more than a few
millimeters from the tube mouth and pushing the wire through in stages. 
When the wire appeared at the other end of the tube, the rest could be 
pulled through. No easier method could be found for this procedure.
4. The glass tube with wire and element was supported centrally on a
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purpose-built miniature "retort" stand (Note 3) and cleaned carefully 
using a paint brush and alcohol. When dry, the free end of the gold wire 
was bent back and a fine plastic pipe (Note 4) of slightly greater 
diameter than the glass tube positioned over the end. The pipe was
attached to a weak electric air pump actuated by a foot switch, and 
adjusted to give a very slight suction in through the element end of the 
glass tubing.
5. The element was positioned about 2 mm from the end of the glass tubing 
ie. a slightly greater distance than the diameter of a droplet of epoxy on 
a fine wire. With the air pump off, single droplets of epoxy (Note 5) 
were brought into contact with the end of the glass tubing, and by
capillary attraction were sucked into the tube. The air pump was only
switched on for brief moments to suck the epoxy further down the tube. It 
is essential that a complete droplet is held against the glass tube end 
whenever the pump is turned on, so that no air bubbles are sucked into the 
glass tube. With experience, it proved possible to avoid getting any
epoxy on either the side of the disk or glass tubing. This and further
construction stages were viewed through a Wild stereo microscope.
6. After about 40 irtn. of epoxy had been drawn into the tube (the
length of epoxy drawn in being limited by its setting time), the air pump
tube was removed and the free end of the gold wire gripped with fine
tweezers. The disk was then gently pulled towards the glass tube, with 
further epoxy being added as needed using a very fine wire. The aim was 
to fill the space between the back face of the element and the end of the 
glass tube with epoxy, so that when the epoxy set, the epoxy had the 
diameter of the element (figure 7.4). This aim was relatively easy to 
fulfill as capillary attraction worked to our advantage.
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7. Before the epoxy set, the disk had to be positioned centrally and 
perpendicular to the glass tubing. Fine dental tools were useful for much 
of this work. As the gold wire was springy, in some cases the disks had 
to be held in position until the epoxy set.
8. The side of the disk and up to a millimeter on to the glass tubing was 
varnished (RS insulating varnish, catalogue nos. 555-550) using a single 
drop of varnish on a fine wire. This very thin layer of varnish is 
sufficient to insulate the gold disk electrode. A spot lamp contollable 
via a rheostat was used in this and subsequent stages to speed the drying 
process.
9. The glass tube and element was removed from the "retort" stand and 
quickly dipped into silver loaded conductive paint (RS catalogue nos. 
555-156, volume resistivity 0.001 cm.), to within 15mm of the wire end.
A fine wire was quickly brushed across the element face, leaving a very 
thin layer of the silver paint on the silver electrode. The glass tube was 
then held vertically so that any paint could run away from the element.
If on any part of the tube there was more than a thin layer of paint, a 
fine wire was used to remove the excess.
10. When the silver paint had dried, the probe was tested for damage and 
continuity (see Section 7.3.3). It was then clamped into the retort stand 
and a prepared co-axial cable clamped into an adjacent retort stand 
(figure 7.5). The co-axial cable, which has been stripped of insulation 
for 10 mm was moved so that 3nm length of its stripped inner conductor was 
pushed inside the end of the glass tube, with the same length outside the 
tube. Whilst viewing through the microscope the free end of the gold 
wire was wound around the exposed stripped inner conductor of the co-axial 
cable. Any excess gold wire was removed using a scalpel and fine tweezers
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and the gold wire - co-axial cable interface covered in silver conducting 
paint.
/
11. When the silver paint contact has dried this area was insulated with 
varnish. When the varnish was dry the centre core of the coaxial cable, 
including the contact, was firmly glued to the glass table with epoxy. 
After this had set, the partially constructed probe was again tested for 
continuity and damage (Section 7.3.3).
12. Silver conducting paint was painted over the epoxy and onto the glass 
tube and coaxial cable braid to complete the ground connection (and 
shielding) from the cable up to the front face of the disk. When this had 
dried, a coat of epoxy was applied over the cable, interface and glass 
tube (Figure 7.4), to hold the cable rigidly to the tube and so prevent 
any movement damaging the continuity. A final coat of varnish was applied 
over the epoxy and a few millimeters further on to the glass tube and 
wire, to increase the waterproofing. A completed hydrophone is shown in 
Plate 7.3.
7.3.2 Notes on construction
1. The bonding machine is used to bond wires to integrated circuits by 
holding the chip in position with suction. As the suction hole was much 
larger than the disk diameters a mount was made from a 10 mm. length of 
microbore glass tubing glued to a shaped perspex sheet which could be 
clamped into the machine's jig. The glass tubing and perspex sheet had to 
be polished flat to allow reasonable suction.
2. The heat pulse generated by the bonding machine was minimised by 
finding the lowest settings at which the bond could be made. These were 
found to be: Temp. = 500 C, Power = 5,time = 5 (equivalent to 1.5
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Plate 7.3: A oonpleted hydrophone
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seconds) . Minimising the heat pulse will have minimised the potential 
depolarisation of the PZT around the bond. (The Curie temperature Tc = 330 
degrees C for PZ24). The actual bond area was measured fof one contact 
using the Quantimet Image Analyser (section 2) and gave an upper bond area 
limit of 0.007056 mm . For a 0.6 mm. disk this gives a bond area of
0.6% of the total area; for a disk of 0.85 mm. diameter this is reduced 
to 0.3%.
3. The miniature "retort" stands are shown in Figure 7.5. These were 
constructed from 3 mn diameter brass rod for the upright and cross piece 
and aluminium for the base and clamp. A crocodile clip was soldered into 
the end of the horizontal brass rod allowing easy gripping of the glass 
tube or coaxial cable. It was necessary to weaken substantially the 
crocodile clips' spring otherwise the gripping force shatted the glass 
tubing.
4. It was essential to use very flexible plastic piping of about 1 itm 
diameter bore for the suction pipe. Any rigidity in the piping was enough 
to break the glass tubing if the retort stand was knocked. The piping 
used is that in use in hospitals for feeding patients intravenously.
7.3.3 Tests made during probe construction
At three stages during the construction the probes were tested for 
electrical continuity. The probe tip was dipped into a water bath and 
moved manually on axis in an ultrasonic field. The received signal was 
monitored by an oscilloscope attached to the probe by test clips. This 
method very quickly located damaged probes or bad contacts by observing 
lack of signal or reduced signal compared to others in the batch. This 
method was used at the following stages in construction:
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1. When the disk had been mounted on the glass tube and the conducting
paint covered the disk and tube.
2. When the centre core of the coaxial cable had been attached to the 
gold wire and this connection covered in epoxy.
3. When the conducting paint on the glass tube had been electrically 
connected to the screen of the coaxial cable using more conducting paint.
N.B. These tests were carried out in a water bath with a transducer
lying on the bath floor, radiating ultrasonic bursts of frequency 1.7MHz, 
at the water surface.
7.4 The Batches
7.4.1 Batch construction of hydrophones
Batch construction was undertaken to attempt to investigate the 
potential variation in hydrophone characteristics of essentially identical 
hydrophones. The apparent variation in characteristics may arise from one 
of three sources: lack of control in the size and shape of the element, 
poor control of the procedures used for assessing hydrophone performance, 
or in the construction and design of the hydrophone probe itself. The 
first of these variations should have been eliminated by the very careful 
disc cutting and assessment procedure reported in Section 7.2. The second 
point will be investigated thoroughly in Chapter 8, and variations of the 
last type will be reduced by the careful construction procedure of Section
7.3. There may still be unnoticed variations in the construction of a 
single hydrophone, so it is hoped that by constructing a batch of 
"identical" hydrophones, a majority will stand out as being representative 
of a particular design.
7.4.2 Constructional details of the batches
It was decided to construct batches of five identical hydrophones.
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This number was chosen as it allowed for up to two badly behaved 
hydrophones within a batch, leaving a minimum of three similar hydrophones 
from whose characteristics a mean representative characteristic could be 
found. Originally eight batches of hydrophones were planned, the batches 
differing by element material backing or element radius. The element 
materials chosen (PZ24 and PZ26) are discussed in section 7.1. The 
choice between the materials is not straightforward: PZ24 has a 50%
greater receiving constant g33 whilst PZ26 has a dielectric constant of 
two and a half times greater value. The backing material has also been 
discussed in Section 7.1, and a comparison between hydrophones constructed 
with pure epoxy backing and those epoxy bonded with 12% tungsten (by 
volume) would be useful. Two different element diameters were chosen (ie.
0.6 mm. and 0.85 rrm.) one having twice the disc area of the other, to 
allow comparison of sensitivity and to investigate any potential 
diffraction effects.
Only three batches were built due to the length of time needed to 
develop and implement the procedures for assessing hydrophone performance. 
Full details of the hydrophones built are to be found in Tables 7.3 and
7.4. Each hydrophone has a three digit identification number; The first 
number denotes the batch (ie. batch 200,300, or 400), the second number is 
a zero, and the third is the number in the batch. All batches have pure 
epoxy backing, batches 200 and 300 use PZ24 ceramic (batch 400 used PZ26 
ceramic), and batch 200 differs from batch 300 (and batch 400) by using 
discs of 0.6 mm compared to 0.85 mm.
The disc cutting and assessment procedure has proved to be very 
successful (section 7.2), providing discs of excellent circularity (within
0.6%). An estimate of the disc edge quality (ie. whether perpendicular to 
the faces or bevelled) can be reached from the area results in Table 7.3.
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200 Series Hydrophones: PZ24, Drill bit 17 (0.58mm diameter)
Hydrophone
202
N.B.
203
204
205
Batch
Disk Mean Area/mm2 Diameter/mm Max. Damage/%
31 0.2667 0.5827 16.4
Glass tube broke 40mm from disk. Mended by filling 
inside of tube with silver conducting paint and 5mm 
of stiff wire; epoxy bond over break.
36 0.2796 0.5966 15.6
48 0.2796 0.5966 17.8
49 0.2745 0.5912 19.6
200: Mean diameter =0.5918 + 0.009mm
i.e. 1.5% diameter variation 
Mean area = 0.2751nn£
Table 7.4a: 200 Series batch details and comments.
300 Series Hydrophones: PZ24, Drill bit 14 (0.893mm diameter)
Hydrophone Disk Mean Area/mm2 Diameter/mm Max. Damage/%
301 10 0.5470 0.8345 6.0
N.B. Bubble behind disk, 45mm of epoxy. Hydrophone broke -
irrepairable.
302 86 0.5649 0.8481 6.5
N.B. 'Perfect' epoxy/disk interface, 43nm of epoxy.
Bubbles at 4, 6, 16mm from disk - *0.311111 diameter bubbles.
303 22 0.5607 0.8449 6.0
N.B. No bubbles.
304 24 0.5333 0.8240 3.0
N.B. Bubble 12mn from disk.
305 6 0.5456 0.8335 6.7
N.B. Disk badly off centre. Bubble behind disk.
Batch 300: Mean diameter = 0.8370 + 0.013mm
i.e. 1.55% diameter variation 
Mean area = 0.5503mm2
Table 7.4b: 300 Series batch details and comments.
400 Series Hydrophones: PZ26f Drill bit 14 (0.893mm diameter)
Hydrophone Disk Mean Area/mm2 Diameter/mm Max. Damage/%
401 35A 0.6099 0.8812 7.0
N.B. Hundreds of microscopic bubbles in epoxy. No large 
bubbles.
402 30A 0.5873 0.8647 9.0
N.B. Bubble 32mm from disk.
403 33A 0.6190 0.8878 2.0
N.B. Bubble 9imi from disk.
404 50A 0.6024 0.8758 4.0
N.B. Small bubbles. Large bubble 25mm from disk.
Disk at slight angle and not central to glass body.
405 34A 0.5980 0.8726 10.5
N.B. Small bubble at 2.5mm from disk. Large bubble at 37.5mm.
Batch 400: Mean diameter = 0.8764 ± 0.0117mm
i.e. 1.33% diameter variation 
Mean area = 0.6033nm2
Table 7.4c: 400 Series batch details and comments.
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This estimate is also connected with the difference in area between the 
gold and silver contacts. A worst possible estimate is given in the 
"maximum damage percentage area" column. This Figure for the 300 and 400 
series hydrophones is low, about 6%. For the much smaller diameter 200 
series hydrophones this estimate is around 17%, implying a slight bevel. 
The magnitude of this estimate could almost certainly be reduced by 
increased attention to the drill bit quality during the drilling and by 
use of more wax on the exposed electrode when drilling.
The batch details (Tables 7.4 a,b,c) show how the mean diameter of 
discs in each batch varies by no more than 1.55%. It also shows how easy 
it is to introduce a bubble in to the epoxy backing, although "perfect" 
hydrophones can be made. The introduction of bubbles could probably be 
eliminated if an assistant were available to control the pump and supply 
epoxy in the short time that it is being sucked into the tube before 
reaching setting point. The simple design and construction of the 
hydrophones shows well how almost identical hydrophones can be constructed 
and how their quality can be assessed from visual inspection and the 
procedures reported in this section. The following chapter characterises 
the batches acoustically and reports on the correlation with the results 
presented here.
CHAPTER EIGHT 
PROBE CALIBRATION
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8. PROBE CALIBRATION
8.1 Introduction
The measurements presented here, as discussed in Section 2.4, are 
chosen as the best indicators for investigating ceramic hydrophone design. 
They do not ho waver, completely specify a hydrophone's response, as would 
for instance be required by a probe used for the calibration of diagnostic 
ultrasound equipment. Details of the measurements made in this study are 
introduced in Section 8.2.
The Pilot Project reported in Chapter 3 identified many variables 
and uncertainties associated with the measurements used to characterise 
hydrophones. The aim of the work in Section 8.3 is to investigate the 
significance of some of the experimental parameters which may have caused 
the variability in repeated measurements which was reported previously. 
The results of these investigations are incorporated in the measurements 
used to characterise the batches. The results of measurements on the 
batches (described in Section 7.4) are reported in Section 8.4. Section
8.5 describes the theoretical models used for comparison with the 
directivity results. This comparison and the results from Section 8.4 are 
discussed in detail in Section 8.5.
Three batches of hydrophones were built, each batch having a 
different initial identification numbers, i.e., 200, 300 or 400. Full
details of each batch have been given in Section 7.3. The following 
measurements were undertaken on the batches and are reported in 
section 8.4:-
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(i) spectral responses using broadband excitation 
(ii) tine delay spectrometry measurements of the spectral 
responses 
(iii) directivity measurements
The experimental arrangement for each of these measurement methods is 
discussed in the next section.
8.2 Measurement Methods and Alignment Procedures
8.2.1 Broad Band Spectral Measurements
Two approaches have been adopted for making relative frequency 
response measurements. The first uses broad band excitation of a
transmitter; the second technique uses time delay spectrometry, and is 
discussed later (section 8.2.2). The broad band technique requires the 
output of the hydrophone under test to be fed to an analogue spectrum 
analyser (Marconi model TF2370 - frequency range 30 Hz to 100 MHz,
displaying a dynamic range of 100dB with a resolution of 0.5dB in 
amplitude and 5 Hz in frequency) .The frequency ranges used in the 
measurement were 0-6, 0-12, 0-25MHz, the choice depending on the
application and the nominal resonant frequency of the transmitting
transducer. The three transducers used in the experiments had 15itm
diameter elements of 2,5, and 10MHz nominal resonance frequency, with 
serial numbers 61907, 41035 and 41272 respectively. They were typical
mediumly damped probes used in broadband measurements of ultrasonic
material properties, having a tungsten loaded epoxy damping material
attached to the PZT-5 sensitive elements. The transducers were
constructed by Transducer Manufacturing Services of Malmesbury, Wiltshire.
The broad band excitation was produced using a very narrow voltage
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spike (of the order of 20ns and 200 volts). The spike was produced by a 
piece of electronics called the "Kitchen Apparatus", named after the 
designer. Figure 8.1 shows relative frequency responses of tile 2 and 5 
MHz transducers driven by the Kitchen Apparatus. The frequency responses 
are of the transducer's received signal (with driving voltage spike gated 
out), the received signal being reflected off a perspex plate 
perpendicular to the acoustic axis of the transmitter.
The frequency response measurements were made with the following 
alignment procedure
1. The transmitter was fixed in a holder on the wall of the tank, and 
aligned with respect to the rectilinear scanning mechanism by 
maximising the reflections from the far wall.
2. The hydrophone under test was supported by the scanning mechanism and 
aligned manually, parallel to the appropriate tank axes. Use of the 
travelling microscopes for alignment, discussed in section 8.2.3, 
aids this procedure.
3. The transducer alignment can be checked with a hydrophone of known 
directional synmetry. The transducer is aligned when the position 
of the received peak response in a transverse movement is 
independent of distance from the transmitter.
8.2.2 Time Delay Spectometry(TDS).
The principle of this technique has been discussed in Section 
2.4.7. It relies on the use of an analogue spectrum analyser whose 
receiving filter central frequency can be offset from that of the tracking
12.01.51.0
7
6
S
4
3
x x X
2 3 4 J 6  MHz
Figure 8.1: Amplitude frequency responses of the pulses
reflected normally from a plane surface, 125irm frcm the 
broadband excited transducer face : (a) Nominal 2MHz transducer, 
(b) Nominal 5MHz transducer.
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generator. The offset exactly compensates for the propagation delay in 
water between a transmitting transducer and the receiving hydrophone under 
test. A spectrum analyser with this facility(Hewlett Packard model 3585A) 
was borrowed from the manufacturer, and used for a day on the measurements 
reported here. The analyser has a bandwidth of 20Hz to 40MHz, with an 
amplitude flatness of 0.7dB over this range. The filter can be offset by 
up to 1500Hz and to within 0.1Hz. This offset limit produces a practical
constraint on the experimental setup. This and other constraints are
fully detailed elsewhere (Chivers, Filmore, Aindow & Sabino ,1985 &
Chi vers ,1986). They led to the following compromise in experimsntal
parameters
1. Using a Panametrics 7.5MHz nominal resonant frequency transducer of 
5nm nominal element radius, a* /X for this transducer is about 163irm 
which gives a frequency offset of 1.225kHz (using the speed of sound 
of c = 1500 m/s).
2. The filter band width was adjusted to a minimum without visible 
distortion (i.e. 300Hz).
3. The overall frequency range of measurement and the sweep time were 
adjusted to keep the frequency offset constant. The actual values 
used depend upon the experiment, and are given with the measurements 
undertaken.
The analyser has a 50>/l output impedance, which was used to drive 
directly the Panametrics transducer. It should be noted that this 
transducer was only used for the TDS measurements; it was recently 
purchased and believed to have a broader, flat response compared to the 
transducers used in the other measurements. The experimental set up is
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shown schematically in Figure 8.2. A hard copy of the frequency response 
can be obtained directly on a Bryan's chart recorder. The analyser has 
one additional useful facility of being able to store a frequency response 
and to subtract this from subsequently collected responses - thus directly 
comparing, for instance, the responses of hydrophones within a batch. The 
alignment procedure used was that mentioned in the previous section. A 
sharp axial minimum in the field at about 11.0MHz allowed a final 
alignment adjustment prior to each measurement.
8.2.3 Directivity Measurements.
The directivity measurements reported here assume, the use of the 
Boxcar and 12 bit ADC (Section 6.2.1) to capture the received burst at 
each angular increment. The directivity response is then displayed from 
the peak-to-peak amplitude of each burst. An alternative method, not 
presented here (see Chivers, Filmore & Aindow ,1985), uses the TDS 
technique to measure the spectral response at each angular increment.
A procedure and alignment tools were developed to position a 
hydrophone prior to making directivity measurements; the experimental 
set-up of which is detailed in Section 4.3. The hydrophone has to be very 
carefully positioned in three dimensions so that the centre of the front 
face of the element rotates about a vertical axis perpendicular to the 
acoustic axis of the transmitter. The alignment procedure outlined below
requires many adjustments, each repositioning enabling the hydrophone more 
closely to rotate about a point. The procedure takes at least half an
hour, sometimes an hour, for the alignment of each hydrophone.
To position a hydrophone to rotate about a point, the hydrophone
was clamped in the set up shown in Figure 8.3. Different size aluminium
blocks were made so that the hydrophone was clamped by its coaxial cable
183
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Axis of rotation
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i. Stepping
Motor
■X
Perspex rod
hydrophone
holder
"BLOCK"
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o
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«
Shaft
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Direction of sight 
(allowing viewing in 
xz plane)
Transducer in distance
Water
Tank floor
Graph paper under tank
Figure 8.3: Using a prism to aid alignment for directivity 
measurements.
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and only a few millimeters from the cable-probe epoxy joint. The holder 
was made from a perspex rod which had a hole large enough to slip the 
probe through. A nylon screw was used to clamp the cable, ensuring that
the cable was not damaged. The prism allowed the probe tip movement to be 
viewed through a travelling microscope against lirm grid graph paper. 
Using two travelling microscopes (Figure 8.4) vrtiich, were clamped in a 
position parallel to the tanks movements, the hydrophones movement in both 
xz and yz planes could be monitored. (The axies are defined in Figure 
4.1). This was found essential for the alignment procedure.
The alignment procedure combines the adjustment of the hydrophone 
element to be on axis (as in Section 8.2.1) and to rotate about a vertical 
axis perpendicular to the acoustic axis. The procedure detailed below was 
followed and an experiment parameter results sheet (Figure 8.5) filled in 
for each directivity measurement.
1. Check travelling microscope telescopes are perpendicular to their 
bed and that the bed is parallel to the tank's z-axis.
2. After the burst generator (Wavetek : model 164) has warmed up for 
half an hour, note the burst amplitude on an oscilloscope, both 
loaded and unloaded by the transducer. Note also the transducer 
number, orientation and holder. (The transducers were marked with a 
waterproof pen to define their orientation.)
3. Align the transducer's acoustic axis with the bath axis by adjusting 
the orientation for maximum received signal from the far wall echo.
4. Clamp the hydrophone in the holder and adjust roughly for position 
by placing a perspex rod in the shaft hole of the block so as to 
almost touch the hydrophone tip (Figure 8.4b). The centre of the 
hydrophone face should be centred on a centre-hole drilled in the 
perspex rod. N.B. Check the orientation of hydrophone (it should be 
marked with a permanent pen).
5. Attach the block to the stepping motor and position the hydrophone 
by eye, in the centre of transducer. Move the hydrophone/stepping 
motor to the axial distance required from the transducer, by 
measuring with the travelling microscope.
6. Adjust the height of hydrophone(y-axis) for maximum received signal. 
The telescope should be raised or lowered so that the hydrophone can 
be viewed centrally (i.e., aligned with the eyepiece cross wires). 
If the telescope height cannot be aligned then the transducer and 
hydrophone/stepping motor height will have to be adjusted and the
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Figure 8.4: Plan view of bath, with travelling microscopes aiding
alignment for directivity measurements (above), and 
the initial rough alignment method (below).
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procedure followed from step 3.
7. Adjust position of hydrophone along the x-axis for maximum received 
signal, then check the height again (i.e. repeat step 6). ' Make sure 
the hydrophone is not positioned on a secondary maximum by moving 
the probe a few centimeters along the y- and x-axes from the 
assumed acoustic axis. Return the hydrophone to the position of 
maximum received signal.
8. Viewing through the prism, rotate the hydrophone and adjust its 
position by touching gently, so that its tip appears to rotate about 
a point. If this adjustment in the xy plane cannot keep the tip 
stationary, then the hydrophone needs to be moved in or out of its 
holder. A plumb bob was constructed to aid this adjustment. The 
bob hangs from the centre of a bolt which can be screwed into the 
end of the stepping motor shaft. The thin cotton line supporting the 
bob should just touch the centre of the probe face.
9. Make a final check to make sure the hydrophone is positioned on the 
acoustic axis, i.e.,move the probe along the x- and y-axes, 
adjusting the position for maximum output. Check that the 
hydrophone is horizontal and that the stepping motor platform 
is also horizontal using a 2-D spirit level.
10. Measure the x- and z-axis departures from the zero degree position 
as the probe is rotated (against the lmti graph paper, or using time 
delay changes), e.g., at +45 degree, +90 degree and +130 degree 
angles.
11. Measure the hydrophone-transducer distance accurately using the 
travelling microscope and measure the on-axis received voltage 
amplitude. Also measure the bath temperature both before and after 
each directivity measurement. Note these measurements on the 
results sheet.
It is often found that the hydrophone tip describes an elliptical 
locus, the tip seemingly rotating around a point for angles up to 45 
degrees from the acoustic axis, but then moving gradually away from the 
point up to a maximum of 5irm at angles of 90 degrees. The adjustment of 
the hydrophone in its holder to reduce this deviation to an acceptable
0.5mm maximum at 90 degrees from the acoustic axis, produces the greatest 
difficulty in making precise directivity measurements. To overcome this 
difficulty, replacement of the block (Figure 8.3) with a specially 
engineered variable block allowing fine adjustments of up to a few 
millimeters along the x- and z-axes was considered. As a clampable ball 
and socket joint allowing angular adjustments up to 5 degrees would also 
be required in this arrangement for all the adjustments found to be
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needed, the design required would have been complex and time-consuming to 
develop. Unfortunately, it was decided that the necessary development 
time was not available. Results indicate that the hydrophone can be 
positioned to rotate very closely about a point using the method 
described, particularly within +45 degrees of the beam axis. However, 
for future work with many batches of hydrophones, use of an adjustable 
block should be seriously considered.
The experimental set up for directivity measurement has been 
mentioned earlier (Sections 4.2, 6.2.1 and 6.3.1.1). The hydrophone under 
test is placed on the acoustic axis where the field is virtually planar, 
i.e., at an axial distance of l.laVX (where a is the effective radius of 
the transmitter). Eight cycle tone bursts (p.r.f. of 1kHz) were used to 
excite the transmitter. To record a directivity response, 150 
measurements were made at 1.8 degree rotational steps, covering a +135 
degree scan. At each step the voltage burst received by the hydrophone 
was digitised into 256 data points, then stored for subsequent analysis. 
The analysis undertaken is discussed later in this chapter (Section
8.4.3).
Directivity measurements were made at four frequencies, i.e., 1.7 
and 2.0 MHz, using the nominal 2 MHz transducer, and 3.5 and 5.0 MHz using 
the nominal 5 MHz transducer. The transducers were driven directly by the 
50A output of a gated Wavetek signal generator (model 164). The output 
level being approximately 23 volts when unloaded. The received signal, as 
reported earlier, was digitised by a 12 bit ADC and Boxcar system. The 
ADC conversion rate and Boxcar settings being summarised in Table 8.1 for 
each of the four measurement frequencies. As can be seen from the 
settings, the signal was digitised at least 24 times per cycle and in 4096 
levels. The Boxcar settings used a very narrow gate, appropriate time
190
Frequency/MHz 1.700 2.000 3.500 5.000
Boxcar Settings
Time Constant/ms 1 1 1 1
Gate Width/ns 20 20 20 20
Time Base/us 20 20 20 20
Readout/s 20 20 50 50
ADC Settings
Timer Code 4,2 4,2 4,3 4,2
equiv. period 1/2 0ms 1/2 0ms 1/3 0ms 1/2 0ms
conversions/sec 50 50 33.3 50
Sampling Details
Scan time for 256 
samples/s
5.12 5.12 7.68 5.12
Length of signal 
digitised/ys
5.12 5.12 3.072 2.048
8 cycle burst 
length/ys
4.7 4.0 2.3 1.6
Resolution:
samples/cycle
29 25 24 25
Table 8.1: The Boxcar/ADC settings for directivity measurements.
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constant and slow readout speed to follow very accurately the signal. 
Full measurement details of the investigation of the Boxcar parameters are 
not included here.
8.3 Choice of Experimental Parameters
This section investigates some of the experimental parameters which 
may have caused the variability in repeated measurements, which was 
reported previously. The following is a list of the parameters discussed 
in the present section:
(i) transducer excitation
(ii) choice of hydrophone field position for the measurements
(iii) sensitivity to position and alignment
(iv) replacement accuracy i.e. reproducibility
(v) sensitivity to small frequency changes
(vi) data analysis for directivity responses
(vii) use of pre-amplifiers
8.3.1 Transmitter Excitation
Two possibilities exist for transducer excitation: continuous wave 
and pulse excitation. Continuous wave excitation has the advantage that 
electrical measurement methods based on continuous sine wave signals are 
well developed and easy to apply. For example, sine wave amplitudes can 
be very accurately measured with the modern day counterpart of the vacuum 
tube voltmeter, e.g., the Hewlett Packard 340A RF Voltmeter, which will 
measure voltages of between lmV and 3V full scale in 8 ranges with an 
accuracy of 3% FSD over the frequency range 100KHz to 100MHz) . 
Unfortunately continuous waves produce acoustic reverberations which 
disrupt attempts to make precise field measurements. Two solutions to 
this problem are available: to line the tank with an acoustic absorber, or
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to use pulsed waves. The former solution has been partly discussed in 
Section 3.1, when considering the test tank design. Measurements were 
made on a range of acoustic absorbers (Chivers, Smith & Filmore 1981) but 
though some promising absorbers were identified, the major problem of 
surface reflections was not resolved. Further problems with measurement 
techniques and lack of quantitative data for actual reverberation levels 
at MHz frequencies were identified.
The use of pulsed signals on the other hand has fewer disadvanges, 
particularly if single frequency rather than broadband excitation is 
employed. This is borne out in the following sub-section, which shows 
that the transmitters used had an effective area that varied as a function 
of frequency. This implies that the actual field radiated cannot be 
predicted with confidence from theory using broadband excitation, unless 
the effective area has been defined over the entire frequency of interest. 
It is obviously simpler to excite at a single frequency where the 
effective area is known or can be quickly determined, so that in principle 
the entire radiation field may be predicted.
A toneburst excitation is the compromise between a broadband and a 
continuous excitation, both of which, as discussed earlier, have 
disadvantages. Weyns (1980) showed numerically that the field from a 
transmitter changed between essentially broadband and continuous wave in 
nature, when excited by a toneburst of greater than 5 cycles. This result 
was valid for the transducers he used (7.5mm radius, 1 and 2 MHz) , one of 
which is theoretically similar to that used in this work. He also noted 
that the envelope modulation of the toneburst does not appear to have a 
great influence on the radiated field structure. This allows relaxation 
of the gating circuit design to produce the toneburst.
193
The number of cycles in the toneburst is still subject to a 
compromise. The greater the number of cycles, the greater the reduction 
in toneburst bandwidth (Fitting et al, 1981), i.e., the closer to the
simple case of using a single component frequency. If the toneburst is 
required to be digitised, then increasing the number of cycles either 
requires more samples to be taken, slowing down the experiment, or 
suffering a reduction in resolution. If, as also was required, an FFT is 
to be performed on the toneburst, then the number of samples taken over 
the toneburst has to be a power of two (in this case 256 or 512) with the 
FFT taking more than twice the time to perform when the number of samples 
is doubled. It was decided to use an eight cycle toneburst as the power 
and memory capacity of the computer system available was limited. This 
allowed a reasonable digitising resolution of about 25 samples per cycle.
Two series of measurements confirm that choosing a relatively short 
toneburst has relatively little effect on the main lobe of directivity 
measurments. Figure 8.6 shows the effect of different toneburst lengths 
(f = 1.70 MHz) on the directivity response of hydrophone 202. The 
experimental set up is the same as that reported in section 8.1.3. with 
"half continous wave" refering to a burst length of 0.5ms with 0.5ms 
between bursts. As can be seen in the figure the main lobe of the 8 and 
16 cycle directivities appears identical; with their measured subtended 
angle being 59.4 and 61.2 (+0.9) degrees respectively. Further
measurements reported later in this section (in 8.2.7.) analyse the 
spectral content of each toneburst of a directivity response. The 
analysis implies that peak to peak measurements on an 8 cycle toneburst 
are unaffected by the toneburst's bandwidth, at least in the production of 
a directivity response.
8.3.2 Choice of hydrophone field position for the measurements
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8 cycle burst 
16 cycle burst
"h continuous wave
Figure 8.6: Comparison of directivities using different transmitter 
excitations.
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Measurements were made with other researchers (Chivers, Booselaar & 
Filmore, 1980) on the nominal 2 and 5 MHz transducers used for directivity 
experiments. A detailed investigation of the last axial minimum with 
frequency for these transducers allowed the effective radius with 
frequency to be calculated (figure 8.7). Fran these results the on axis 
distance from the transducer where plane wave conditions exist was 
determined. For the directivity measurements reported here, this distance 
was taken as l.la^/A.
8.3.3 Sensitivity to position and alignment
A series of measurements were made to identify how critical the 
positioning and alignment may be when performing directivity measurements. 
The first measurements consisted of moving the accurately aligned probe 
(hydrophone 202) in 1.5irm steps (±7.5 microns) laterally off the acoustic 
axis and taking a directivity measurement at each step. Figure 8.8 shows 
the plots from the on axis to the 7.5nm off axis case collated. The 
plots, which use different amplitude scales, show remarkably similar shape 
and only start to differ at 4.5nm off axis. The side lobe does increase 
in amplitude between 1.5 and 3.00nm off axis, but this is to be expected 
as the probe has been moved in such a direction as to increase this. The 
on-axis relative voltages for the plots is shown in figure 8.9, along with 
the measured subtended angles. As can be seen in the figure, the on-axis 
amplitude falls by 3dB at about 3 wave lengths off axis. For a 1.7 MHz 
plot this requires a positioning accuracy of only +2.7mm, but for a 5.0 
MHz plot this would appear to be reduced to +0.9mm. Figure 8.9 also shows 
the variation in subtended angle, this only varies significantly at 
greater than five wavelengths off-axis.
A more recent experiment using the time delay spectrometry set up 
(Chapter 8.1.2) also shows the importance of the lateral positioning in
8 p
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Figure 8.7: Variations of the effective radius r with frequency for 
the nominal 2 MHz transducer (a) and the nominal 5MHz transducer (b)
(a) (b)
(c) (d)
(e) (f)
Figure 8.8: Effect on directivity of hydrophone 202 (f=1.7MHz) of 
lateral movement off axis a) on axis b) 1.5nm c) 3.Qrm d) 4.5mm e) 
6.00 f) 7.5mn.
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Figure 8.9: Effect on relative forward lobe response (a) and subtended 
angle (b) of lateral movement off axis, for hydrophone 202 at 1.75MHz 
(A=0.88nm).
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the alignment. Figure 8.10 shows the response of hydrophone 405 relative 
to that on the axis as a function of lateral displacement on either side 
of the axis. It can be seen that not until the hydrophone is approximately 
one of its own radii off axis (0.44irm) does its response change 
significantly. Even then the change is relatively small and the probe may 
be moved off axis by a diameter before the response changes by more than 
ldB. These results confirm some theoretical computations previously 
published (Markiewicz & Chivers, 1983), but are valid only close to the 
near field : far field transition region and beyond. The effects observed 
at high frequencies (above 15 MHz) and at small displacements, where the 
response is mirrored between left and right displacements, may be due to a 
small residual misalignment.
A comparison using IDS of 2 or 3 degrees misangulation with the 
aligned case, can be seen in Figure 8.11. It appears that the highest 
frequencies ( >10 MHz) are mainly affected. The degree of the effect may 
well be greater for a given probe than that shown in the figure since it 
is closely related to the directional characteristics of the actual 
hydrophone under investigation.
8.3.4 Replacement accuracy
Figure 8.12 shows TDS results obtained with hydrophone 301 being 
taken out of its holder and repositioned. The excellent degree of 
reproductibility achieved is directly related to the careful definition 
and execution of the alignment procedure. Directivity responses on 
hydrophone 202 having been repositioned show similar plots and subtended 
angles (i.e. 61.2 and 59.4 degrees ±0.9 degrees). Unfortunately in this
experiment the transducer driving voltages were very different (i.e., 
17.7V and 13.5V) making a strict comparison difficult.
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8.3.5 Sensitivity to small frequency changes
The effect of changing the frequency by about 0.5% from 1.700 to 
1.710 MHz on the directivity of hydrophone 202 had quite an effect (Figure 
8.13). The relative on axis amplitude fell from 185mV to 170mV and the 
subtended angle also dropped from 61.2 to 57.5 degrees. With hindsight, 
using the TDS measurements reported later for this hydrophone (Figure 
8.22), it can be seen that between 1.625 and 1.75MHz the response changes 
rapidly with frequency rising 2dB between 1.70 and 1.725MHz. This was not 
at all obvious from the 8 cycle toneburst spectral response (Figure 8.14) 
which implied that the 1.7MHz peak was well behaved and was a suitable 
place to make directivity measurements. The implications of this are that 
broadband spectral responses are not a good indicator of a hydrophones 
frequency response.
8.3.6 Data analysis for directivity plots
Factors relating to the length of the toneburst used to excite the 
transducer have been descussed earlier in sub-section 8.2.2. The 
advantage of using a short toneburst of eight cycles was weighed against 
the increase in bandwidth. An investigation was undertaken to see if 
using the peak to peak amplitude of a short toneburst would give useful 
directivity results. A directivity experiment was performed (Chapter
6.3.2.3) on each toneburst and the resulting modulus information also 
stored. Figure 8.15 shows the directivity calculated from the peak to 
peak toneburst amplitude and from the 1.75 ±0.04 MHz modulus component.
The modulus component has a smoother main lobe response and slightly 
different side lobe shapes. (N.B. the responses are plotted with slightly 
different scales.) The subtended angle is very similar, being 59.4 
degrees for the peak to peak plot and 57.6 degrees for the modulus plot. 
If modulus directivities are plotted at frequencies close to 1.75 MHz, the 
structure of the peak to peak main lobe shape can be seen to emerge.
204
Figure 8.13: Comparison of directivities at 1.700(a) and 1.710MHz(b)
for hydrophone 202.
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Figure 8.16 compares the 1.75 MHz component plot with those of 1.83 and 
1.91 MHz ± 0.4 MHz. It can be seen that the dominant modulus component is 
at 1.75 MHz ± 0.04 MHz for the main lobe (Figure 8.17) and that the 
dominant component for the whole scan is within ±0.15 MHz of 1.75 MHz.
It would seen that using the peak to peak amplitude from a 
toneburst gives a reasonable directivity response to characterise a 
hydrophone. The technique of fast Fourier transforming the recorded 
toneburst shows great promise for producing a very accurate response. 
This technique is only now becoming appropriate with the arrival of 
personal 16 bit microcomputers with mathematical co-processors. The 
technique could now be extended to produce broadband directivity responses
i.e. driving the transmitter with a single pulse and performing FFTs on 
the received pulses. This may warrant investigation.
8.3.7. Use of pre-amplifiers
The use of pre-amplifiers was often necessary for amplifying the 
small signals of the 200 series hydrophones. Conventional calculations on 
the amplifiers have been reported in Chapter 3. One of the advantages of 
using TDS is the possibility of monitoring the effect of modifications 
introduced to an electrical circuit. The high signal to noise 
ratio is particularly valuable here, in permitting the effects to be seen 
over a relatively wide frequency range without the intrinsic effects of 
signal loss.
The spectral response of two hydrophones was measured using the 
broadband TDS experimental set-up. To show the effect of using a 
pre-amplifier (MK II Nos. 1), the received response is compared with and 
without using the pre-amplifier. Figure 8.18 compares the response of 
hydrophone 402, preamplified and not preamplified, connected instead to a
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Figure 8.19: Response of hydrophone 404(a) with preamplifier Mkll, No. lf (b)
without preamplifier, but with 8kft load into a 1M input.
2 1 1
50<jl, load. It can be seen that the difference between the two responses 
varies from 30dB at 2MHz to 26dB at 4 MHz, to 21dB at 8 MHz, and to 18dB 
at 10 MHz. A similar approach (using hydrophone 404), compares the 
preamplified response with that not preamplified, but terminated instead 
with an 8ka load (the signal was connected to the lMn, input of the 
spectrum analyser). Figure 8.19 shows the responses varying by 17dB from 
2 MHz to 8 MHz, and dropping to 15dB at 10 MHz. This shows a significant 
improvement and emphasises the need for care in the electrical termination 
of the hydrophone (Chivers & Lewin, 1982). IJUeJkj Kg -eUctnccJ hrvn^kcn
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8.4 Results of Measurement on the Batches of Hydrophones 
8.4.1. Broadband spectral response
The following measurements were made:-
(a) Nominal 2MHz transducer, distance 50mm, frequency range 
0-6MHz, 0-12 or 0-25MHZ
(b) Nominal 5MHz transducer, distance 150nm, frequency range 
0-12MHZ, 0-25MHZ.
The hydrophone was connected directly to the Marconi spectrum analyser 
except in the case of the 200 series hydrophones, where the hydrophone 
signal was amplified using pre-amplifier MKII,No.l. The results for the 
three batches have been collated into Figures 8.20, 8.21 and 8.22. Table
8.2 compares the maximum and minimum sensitivities of the responses. It 
should be noted that for frequencies greater than 2MHz on the nominal 2MHz 
transducer responses, the responses differ from those of the nominal 5MHz 
transducer, as new field conditions prevail (i.e., measurements were made 
at a distance of 50irm which is equivalent to an a z / x  frequency of about 
2MHz).
8.4.2 Tine delay spectrometry spectral responses
For each batch of hydrophones three types of measurements were 
taken: frequency responses from 0-18MHz, frequency responses from 0-4.5MHz 
(to give better information at the lover frequencies where the 
directionalities are less well-behaved - see next subsection) , and a 
difference frequency response (0-18MHz) where one hydrophone response is 
subtracted from each of the other responses. Ideally the difference
213
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responses should be shown by horizontal lines so that one can, with care, 
obtain a good estimate of the comparable sensitivities. The disadvantage 
is that one may pick a rather atypical member of the batch as the 
reference, and the comparisons then all reflect this atypicality. (An 
example of this is found later.) The potential of using this difference 
method would be in using a hydrophone whose absolute sensitivity is known 
as a continuous function of frequency, to obtain the absolute sensitivity 
of the hydrophones to be measured (or even just to remove the spectra 
weighting of the transmitted field). Unfortunately such a hydrophone is 
very rare and was unobtainable at the time this work was performed.
The frequency responses for 0-4.5MHz and 0-18MHz are shown for the 
200, 300 and 400 series hydrophones in Figures 8.23, 8.24, 8.26, 8.27,
8.29 and 8.30, respectively. The difference responses for the three 
batches (0-18MHz) are shown in Figures 8.25, 8.28, and 8.31. A discussion 
of these results is now presented.
Figures 8.23 and 8.24 show the 4.5 and 18MHz responses from the 200 
series. Unfortunately hydrophone 201 did not survive to this stage of the 
testing. With the exception of the high frequency response (above 11 MHz) 
and the result for hydrophone 204, the degree of similarity is good. The 
difference curves with hydrophone 203 as the reference illustrate this 
(Figure 8.25). Since the original responses are plotted on logarithmic 
scales, the difference curves represent the ratio of the relative 
sensitivities, (but also expressed in decibels). The peaks in the 
responses are very similar in amplitude but the overall responses are 
still very low.
This is seen particularly in relation to the response curves 
obtained for the 300 and 400 series, in Figures 8.26 and 8.27 and 8.29 and
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fran the responses of hydrophone 401.
8.30 respectively, where the curves are typically 25dB higher. The
difference in sensitivity is probably caused primarily by the electrical 
termination, although there are more problems associated with the 
construction of the hydrophones as the elements become smaller.
The differences in response between hydrophone 301 and the other 
members of the 300 series are shown in Figure 8.28. Hydrophone 305 seems 
unusual in having a consistently lowar response (by almost 10 dB) at 
frequencies above about 7 MHz. Otherwise the responses agree to within 
5dB over almost the whole of the frequency range from 1.3 to 18 MHz. The 
exceptions to this are the spike at 1.8 MHz which arises from a sharp dip
in the response of the reference probe, 301, and the variability in
sharpness of the last axial minimum at about 11 MHz. By taking
measurements far enough from the transducer it is possible to avoid the 
minimum. It was decided not to do this for two reasons: 1) the signal to 
noise at the higher frequencies is much poorer at greater distances, and 
2) the minimum is a valuable aid in alignment. The comparative curves for 
the 400 series are shown in Figure 8.31. It can be seen with hindsight
that 401 was perhaps not the best choice for the reference! Tine did not
permit the experiment to be repeated with a different reference probe.
A suirmary of the maximum and minimum values of the response in the 
frequency range 2-9 MHz taken from the 18 MHz responses is given in Table 
8.3. This is discussed further in Section 8.5.1.
8.4.3 Directivity Measurements
The results obtained for the hydrophones at the four different
frequencies (1.7, 2.0, 3.5 and 5.0 MHz) are shown in a compact form for
comparison in Figures 8.32-8.35. In order to show the structure well, 
they have been plotted as linear curves (normalised as detailed in Section
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6.3.2.1), rather than with the more comnon logarithmic axis. The Figures 
show a linear scale marked on the acoustic axis, calculated from multiples 
of a tenth of the on-axis response. The relative on-axis sensitivity 
figures for each hydrophone are shown in Table 8.4, together with the main 
forward lobe sensitivity. These figures are the on-axis peak-to-peak 
received voltages, normalised to the same transmitter generating voltage.
The relation of the directivities observed to theoretical models 
may be achieved by the direct comparison of a number of key numerical 
indie es, such as the ratio of the main and first side lobes, or the
angles of the successive minima. For the present purposes attention was
confined to the latter both because of the large side lobe magnitudes and 
also because of its previous use in this connection (Shombert, Smith & 
Harris, 1982; Aindow & Chivers, 1982). Only the angle of the first angular 
minimum was used. The values of the angles measured from the responses in 
Figures 8.32 to 8.35 are shown in Table 8.6. They are used in the section
8.5.3 to compare the observed results with theoretical models.
Calculation of the subtended angle (i.e., angle between the -6dB points on 
the forward lobe) to be used as a numeric index for each hydrophone, 
proved impossible for many hydrophones due to the large side lobes 
overlapping the main lobe. The subtended angles found are shown in Table 
8.7. It is unfortunate that this index is not available for many
hydrophones, as it can be calculated easily by the computer and with 
reasonable accuracy. A computer search for a minimum on the other hand is 
more likely to fail, and the visual measurement used here is very time 
consuming and less accurate.
8.4.4 Ageing effects
No quantitative measurements have been made on hydrophone output 
variations with time. The probes however have been in use over several
234
s
4)
32
to
o
CM
O
CM
COO
CM
CMO
CM
05 O) 05 rH 
rH CM CO 
CM CM CM Kf
O C O  ^  
rH CM <T CO 
CM CM CM ^
lO IO 05 IO H ^ O O  
CM rH CM
V v /'t /  ^
CD CO rH in 
C- O  05 
H H  CM CO
010 0)0 
CM CD in ^  
CO CO rH 
CM
05 H  rH b* 
H C - O I O  
CM CM —  
w'wr CM CD 
CM rH 05 CO 
CM c- m  
rH CM
CO ^  O  CD 
CM 3* 00 05 
CM 00 CM
O  5? CO CD 
CM 00 CM 05
in
o
CO
*
o
CO
CO
o
CO
CM
o
CO
co m  t> m
in co in
CO 00 O  rH 
H H C O M *
v   '—/  v^r '— r
<h in oo 
05 o  oo co 
CM C- rH Oo 
rH rH CO CO
CO
CO
&
05 t>
O  CO 
CM
CO
Vw/ '   NwT
O  CO 00
H  CM H  
00 CO ^  
rH CO CO
05 05 lO 00 
05 CM t> in 
CO O  05 CM 
H  CM CM ^V_X v /  V.X VwT
o  cd in 
CD in co CD 
CM 05 00 O  
H  rH CM ^
cb in t- o  
in Oo 05 O) 
rH rH CM CO
V -r *—'  '—/  V >
S O  CO 00in ^  rH 
LO 05 <T t>- 
H  »H CO CO
CD O  CD 00 
CD 05 CM
o  in t*- cm 
h h c m m *
W  W  Vw'
“838O  00 C*- *Hin
H  rH CM
I
in
o
o
CO
o
*0*
CM
o
t- in cm co 
tn (D cd in 
o  in co co 
cm cm co in
'  '  <—s '  '  '  '
c- 05 rH O  
l> 05 in ^  
rH ^  CM in 
CM CM CO in
b- CO 05 rH 
05 CM 05 rH
05 CD in <0* 
rH  CM CO in
V ./ ' '  '—X w
05 CO CO rH 
CM CO CM
co m  v* oo
H  CM CO
^  O  lO ^  
CO CO00 00 00 
CM CM CM in
'  '  \ ^ /  W  V '
rj* H  in
CM CM 05 rH
rf in ^  o
CM CM CM
r> 05
CO 00 rH  CM 
05 rH  00 in 
rH  CM CO in
v » / W
^  C- 05 
CO m  05 CM
05 o  c«- in
iH  CM CO in
05 O  
rH  in 
O  00
co m
3  05 OrH IgCO
03 t>  O  
CM CM CO in
05 CM O  CO
S rH  H  COcd in o
H  CM CO t>
V /■ '•_'  w
co cm o  in
S rH  rH  Oo co m  05
rH  CM CO CO
'O
0)
4)
■8
Dr
4)
U
O
<H
4)A
S
■S
CO
■p
a
4)
4)
X
4)
P
OA
0*o
JB
o  o  o  o  
o  o  o  ob-OlOO 
* • • •
rH CM CO in
4)coA
■&
J&
?u
ft*
o  o  o  o  
o  o  o  o  
o o i n o  
• * • • 
rH CM CO in
4)
po
ADro
■txf
o  o  o  o  
o  o  o  o  
t> o  m  o
rH  CM CO m
Ta
bl
e 
8.
4:
 
Re
la
ti
ve
 
se
ns
it
iv
it
ie
s 
on 
ax
is
 
an
d 
of
 
th
e 
ma
in
 
fo
rw
ar
d 
lo
be
 
(in
 
pa
re
nt
he
si
s)
.
(T
he
 
fi
gu
re
s 
th
at
 
ar
e 
un
de
rl
in
ed
 
ar
e 
no
t 
in
cl
ud
ed
 
in 
th
e 
ca
lc
ul
at
io
n 
of
 
th
e 
me
an
s,
 
Th
e 
pr
ec
is
io
n 
is 
^0
,4
%)
.
1.0962.193400
2.000300
200
1.4(1.36)12.4(11.3)400
8.8(8.46)300
iO
200
1.0(1.1)13.3(13.5)
13(12.2)
400
o
IO 300
CO
200
1.46(1.38)11.2(11.2) 
7.6(8.1)
400o
o
300
200
1.7(1.53)10.4(9.4) 
6.2(6.1)
400
300
o
o
200
o
o
CM COPm
Ta
bl
e 
8.
5:
 
Ca
np
ar
is
on
 
of 
me
an
 
re
la
ti
ve
 
ax
ia
l 
an
d 
fo
rw
ar
d 
lo
be
 
pe
ak
 
(in
 
pa
re
nt
he
si
s)
 
se
ns
it
iv
it
ie
s 
be
tw
ee
n 
ba
tc
he
s.
236
EXPERIMENTAL RESULTS (-
o
2 )
Effective
Hydrophone: 202 203 204 205 Average a/A radius(mm)
Radius 
a/A (mm)
0.2914 0.2983 0.2983 0.2956 0.2959
Freq.(MHz)
1.700 — — ■ — 43(?) 63(?) 53(?) 0.335 0.67
2.000 40 44 52 55 48 0.394 0.61
3.500 30 36 22 28 29 0.690 0.54
5.000 26 26 26 25 26 0.986 0.42
Hydrophone: 302 303 304 305 Average
Radius 
a/A (mm) 0.4240 0.4225
0.4120 0.4168 0.4188
Freq. (MHz)
1.700 32 34 25(?) 46 34 0.475 0.96
2.000 25 28 27 44 31 0.588 0.89
3.500 18 20 15 19 18 0.977 0.85
5.000 15 - 13 15 14 1.396 0.76
Hydrophone: 401 402 403 404 405 Average
Radius 
a/A (mm) 0.4406 0.4324 0.4439 0.4370
0.4363 0.4382
Freq.(MHz)
1.700 30 41 32 38 34 35 0.487 0.94
2. GOO 30 38 31 27 26 30 0.584 0.92
3.500 17 16 18 17 19 17 1.023 0.89
5.000 15 17 17 14 17 16 1.461 0.66
Table 8.6: Angles of the first angular minimum and calculated effective
radii.
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years, with problems only occurring recently in experiments using long 
intnersion times (the epoxy has broken down). This problem may now be 
solved by the new waterproof epoxies which have been developed (Adach, 
1986). Related to this problem is the effect of waterlogging where the 
hydrophone characteristics change if left immersed in water (Figure 8.36). 
The usual practice has been to take measurements after the probe has been 
immersed for at least half an hour, and then to remove the probe after
i
use. This appears the standard practice of other researchers with 
similarly constructed probes (Lewin, 1984).
8.5 Results from Theoretical Models
The theoretical calculations detailed in Section 6.4 were used to
investigate the response of theoretical models, so that these models can
be compared in Section 8.6 with experimental results. The angle of the 
first angular minimum for different radii and frequncies (using equation
6.1), is shown in Table 8.8. For these calculations, a piston like model 
was assumed, where the baffle condition does not effect the results. The 
numerical method of Chi vers and Hinton (1981) was implemented to calculate 
the directivity of an ideal circular piston irradiated by plane waves. 
The voltage and intensity responses for various values of a/\ and shown 
in Figure 8.37. These responses did not agree with the responses 
calculated by Merhaut (1981) shown in Figure 8.38 (NB. Merhaut has
labelled the plots with diameter A  compared to the radius/x ). As an 
example, the first angular minimum for a/x=l, is about 38 degrees compared 
to about 15 degrees according to Merhaut.
The equation for the rigid baffle model of Merhaut (equation 6.2) 
was then implemented and the results, along with the soft baffle (equation 
6.3) and unbaffled models, are shown in Figure 8.39. These agree closely
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Frequency
/MHz / Hydrophones (File Number) & Subtended Angle/degrees Averagees/degrees
H202 H203 H204 1 H205
1.700 (23) 59.4 (34) 102 (35) - (42) 82 81?
2.000 (16) 61.2 (33) 95? (36) 79 (41) 86 75?
3.500 (21) 43.2 (32) 45.1 (37) - (40) 45.1 44
5.000 (22) 32.2 (31) 34.2 (38) 43.2? (39) 59.4? 33
H302 H303 H304 H305
1.700 (46) 53.9 (54) 50.3 B(43) - (55) 53.9 52
ii A(62) -
2.000 (47) - (53) 38E B(44) - (56) 70? 38
ii A(61) -
3.500 (48) 25.1 (52) 26.9 A (60) 36? (57) 26.9 26
5.000 (49) 19.8 (50) 50? A (59)' 43? (58) 21.6 20.5
B=Before brocken, A=After mended.
H401 H402 H403 H404 H405
1.700 (74) — (67) - (63) 48.6 (75) 50.5 (82) 50.5 50
2.000 (73) - (68) 54 (64) - (76) 45E (81) 34E 44
3.500 (72) 25.1 (69) 36 (65) 25.1 (77) 23.4 (80) 29 24
5.000 (71) 19.8 (70) 21.6 (66) 21.6 (78) 21.6 (79) 23.4 22
Table 8.7: Subtended angles 0S (.±0.5 degree) from the directivity responses.
The numbers in brackets are the directivity file nos. for reference. 
Underlined angles, are calculated from only one found -6dB point and 
knowing the forward peak angle (±1 degree).
Angles suffixed with an "E" are estimates derived from the responses 
(±2degrees). Angles suffixed with "?" are not included in the 
average.
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/MHz
Experimental 
average 1st 
angular min. 
/degrees
Theoretical 1st angular minimum 
/degrees
using aAV using aAy*1.4 using aAV*2.0
1.700 53? 65
oo 2.000 48 - - 51
CM
sa 3.500 29 62 39 26
5.000 26 38 26 18
N.B. aAV*1.8
1.700 34 - 45 40
oo 2.000 31 - 37 33
cnpa 3.500 18 39 20 18
5.000 14 26 14 13
N.B. aAy*1.5 N.B. aAV*2.1
1.700 35 - 55 36
oo 2.000 30 - 44 30sfsa 3.500 17 37 23 16.5
5.000 16 25 16 11
Table 8.8: Comparison of the experimental average 1st angular minimum, 
with those derived theoretically, using the geometrical radius 
d£\j ,and effective radii.
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Rioid Baffle 
Unbaffled 
Seft Baffle
Rioid Baffli 
Unbaffled 
Soft BaffleOB-
oo-
SO
Soft Baffle
Rioid Baff I< 
Unbaffled 
Soft Baffle
Fig. 8.39 : Theoretical directivity responses using different 
baffle conditions
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with the Chivers and Hinton model and with the results of Kinsler and Frey 
(1982). It may be the case that the responses of Merhaut are wrongly 
labelled. The results of the different models are surrmarised for 
comparison, using the -6dB angle (i.e.,half subtended angle), in Table 
8.9.
8.6 Discussion and Conclusion
8.6.1 Spectral measurements
The broadband spectral responses show good agreement within batches 
(particularly the 400 series), and also show a marked difference in the 
case of hydrophone 304 which was broken then mended. This method shows 
the potential of being able to distinguish damaged or uncharacteristic 
hydrophones within a batch, but it should be remembered that since these 
responses incorporate the transmitters frequency characteristics, they can 
only be used in a comparative sense.
A summary of the maximum and minimum values of the TDS spectral 
response in the frequency range 2-9 MHz taken from the 18 MHz responses is 
given in Table 8.3. This range was chosen to avoid the rapid gradients at 
the low frequencies and the axial minimum at about 11 MHz. Even at 2 MHz
the 300 series curves have not reached the plateau of even response. The
variability of the 200 series probes suggested restricting the range to
3.5 - 8.5 MHz and the maximum and minimum values for these probes within
this range are shown in parentheses in the table.
The Table confirms the general level of reproducibility of the
peaks as being within one or two decibels. It would appear that the
troughs are more sensitive. The indices of maximum and minimum response
appear adequate to indicate the relatively poor responses of hydrophones
204 and 404, which is confirmed by reference to the original responses in
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Frequency
/MHz
Experimental 
-6dB angle 
/degrees
Theoretical models 
-6dB angle/degrees 
using aav 
R. S. U.
Theoretical models 
-6dB angle/degrees 
using aAV*l-2 
R. S. U.
1.700 40.5? 47 57 61 42 49
oo 2.000 37.5? 63 43 50 32 28 30
CM
M 3.500 22.0 31 28 29 25 23 24
5.000 16.5 21 20 20 17 17 17
1.700 26.0 48 38 42 38 33 35
OO 2.000 19.0 39 33 36 31 29 30
CO
PC 3.500 13.0 21 20 21 17 17 17
5.000 10.0 15 14 15 12 12 12
1.700 25.0 45 37 40 36 32 34
oo 2.000 22.0 37 32 33 30 27 29
sr 3.500 12.0 20 19 20 17 16 16
5.000 11.0 14 14 14 12 11 12
Table 8.9: Comparison of the experimental average -6dB angle, with that 
from different theoretical models(R=Rigid Baffle, S=Soft 
Baffle, U=LJnbaffled), using the geometric radius ,and an 
effective radius of 1.2*aAV.
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Figures 8.20 and 8.24. Hydrophone 204 had suffered a repair and, as 
mentioned in Section 8.2, this appears to have affected its response 
significantly. The mean values given in the table exclude the results 
from hydrophones -204 and 304.
The major difference between the 300 series and the 400 series is 
that the minima for the latter seem to be some 8dB shallower on average. 
One of the features that stands out strongly from these results is that 
directionality investigations may well tend to be unreliable if taken in 
the vicinity of one of the sharper dips in the frequency response. 
Howaver it is clear that these can only be identified by a continuous 
frequency sweep measurement of the type reported here.
8.6.2 Directivity measurements
From Table 8.4 it can be seen that the 200 series hydrophones have 
a wide range of sensitivities within the batch whereas the 300 and 400 
series show much less variation. Using the main forward lobe peak value 
increases the similarity within the batches. Exclusion of individual wide 
ranging results from the means was arbitrary and used to avoid excessive 
bias of batch characteristics.
The mean batch sensitivities are compared in Table 8.5. The 400 
series appear to be more sensitive than the 300 series, by a factor of 1.4 
at 1.7 MHz, decreasing to unity at 3.5 MHz, increasing again to 1.24 at 5 
MHz. This is in spite of the factor of 1.4 in the reception coefficient 
(Appendix 1) for the materials which operates in the reverse direction. 
The most probable explanation is that the significantly higher dielectric 
constant for the PZ 26 (Appendix 1) provides better impedance matching of 
the element to the cable (Chivers & Lewin 1982). Exactly doubling the 
area, but using the same material, (between the 200 series and the 300
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series), has the effect of increasing the measured sensitivity by a factor 
between 6.1 and 12.2. This is again probably due to the electrical 
termination (Chivers & Lewin, 1982) . It should be noted' that the 
measurements at 1.7 and 2.0 MHz were taken with one transmitter and those 
at 3.5 and 5.0 MHz with another.
It can be seen that hydrophone 301 also failed to survive all the 
tests. The rapid gradients and oscillations in the frequency responses of 
the last section at frequencies up to 2 MHz is reflected to some extent in 
the directivity plots. Of the 200 series, only one has a relatively well 
behaved directional pattern at 1.7 MHz. This improves to three of the 
four at 3.5 MHz, and only at 5MHz does hydrophone 204 show 
reasonable, but asymmetrical, behaviour. Hydrophone 304 was broken and 
repaired prior to the measurements. The directivity pattern at 1.7 MHz 
seems to be characteristic of this procedure (see also 204 and 2.0 MHz). 
The curious 'spikey' secondary lobe of the hydrophone 302 at 1.7 and 2.0 
MHz is unexplained, but has been seen on other hydrophones, not included 
in these batches.
The overall pattern of behaviour for the other hydrophones tends to 
be similar. At the lower frequencies the main lobe is often dwarfed by 
the side lobes, several of the probes exhibiting maximum sensitivity at an 
orientation of 90 degrees. As the frequency increases the main lobe 
strengthens and becomes narrowsr in angular width, as expected. The 
curious shapes of the directivities for some of the 400 series hydrophones 
at the low frequencies seen not to prejudice excellent behaviour at the 
higher frequencies. While even hydrophone 304 (after repair) behaves with 
only slight asymmetry at 3.5 and 5.0 MHz, hydrophones 305, 404 and 405 
show a distinct tendency to asymmetry. It is most pronounced for 
hydrophone 404 and this may have been reflected in the frequency response
obtained in Section 8.4.2 (Figure 8.30).
CHAPTER NINE 
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9. APPLICATIONS OF HYDROPHONES
The discussion of the previous chapters has considered the design 
and construction of miniature ultrasonic ceramic probes, and the 
equipment needed to best calibrate them. It has also presented the 
experimental results of the testing. Since the work was performed, 
evidence has accumulated for the general preferential use of 
polyvinylidene difluoride for the sensitive element in such miniature 
porbes. Howaver, in addition to the scientific merits of the actual 
development of the ceramic poobes, the knowledge and experience generated 
by the development described above has provided the basis for the use of 
ceramic hydrophones in a number of important developments in ultrasonic 
science which have occurred in the laboratory. The potential applications 
are very many, but the brief discussion in this chapter identifies those 
which have actually occurred and to which the author has in some measure 
contributed.
9.1 Diffraction Corrections
Measurements were made to determine the precise position of the 
last axial minimum of two typical medium damped planar disc transducers, 
using a scanned hydrophone (Chivers, Bosselaar & Filmore, 1980). By 
measuring this position against frequency a graph of effective radius 
against frequency was calculated. It was found that the effective radius 
may vary by a factor of 1.5 and may differ by as much as 40% from the 
physical area of the disc. The implications of using the physical area of 
the disc rather than the effective area, in the "diffraction corrections" 
required by ultrasonic velocity and attenuation measurements are
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important, as is the importance of finding a reliable definition of 
effective area for therapeutic medical applications (Chivers 1980).
9.2 Measurements on absorbers
Broadband measurements were made on different materials to identify 
those that could be most effectively used in ultrasonic test tanks 
(Chivers, Smith & Filmore, 1981). Their novel application of broadband 
measurements used a commercial miniature hydrophone to make transmission 
and reflection measurements at different angles and frequencies on the 
materials tested. The discussion identified practical suggestions for the 
design of test tanks.
9.3 Beam Plotting
The use of scanned hydrophone to assess the transmit-receive 
response of ultrasonic Doppler transducers was undertaken (Chivers, Adach 
& Filmore, 1986). The experimental set up was very similar to that 
described earlier in Chapter 6.2.3 using the fast ADC. The novel method 
developed has the advantage of showing unwanted field characteristics and 
identifying which of the elements is causing them.
9.4 Measurement of Velocity and Attenuation
The speed of ultrasound in human amniotic fluid was measured using 
a miniature hydrophone and a time-interval averaging system (Povall et 
al, 1984). The importance of an accurate measurement of this fluid is in 
the application of ultrasonic diagnostic techniques in obstetrics. The 
measurement technique is also of interest in permitting measurements to be 
made on fluid samples of 0.5ml. or less.
Sabino (1986) carried out an extensive piece of work on ultrasonic
attenuation on model scattering media, showing that measurements obtained
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with one of the present author's hydrophones were very similar to those 
obtained with traditional finite receivers.
9.5. Field Parameters
Computational and measured results of the phase and amplitude 
distributions of sources have been compared, using a buffered miniature 
version of the author's hydrophone to scan the sources (Aindow et al,
1985). This work extended the initial work on effective radius (Section
9.3). The inclusion of an effective radius in the theoretical
calculations of a piston in a rigid baffle gave generally good agreement 
between experiment and theory. The phase distrbutions were the first 
reported in the literature and were clearly seen to be a more sensitive 
index of the field stucture than the amplitude districutions commonly 
used. An important calibration study which was needed to validate the
hydrophone measu^nents, was the measurement of a phase directivity for the 
hydrophone (Aindow & Chivers, 1982).
These measurements of phase and amplitude distributions were 
extended to the novel application of the measurement of wavefront 
distribution for ultrasonic waves passing through model scattering systems 
(Chivers & Aindow, 1983a) and through human tissue (Chivers & Aindow, 
1983b).
9.6 Scattering Contributions
A novel method using a focused transmitter and hydrophone has been 
used by Adach et al (1986) to measure the ultrasonic absorption on 
homogeneous liquids. The same method also permits measurement of the 
coherent scattering component of the attenuation when the absorbing medium 
contains discrete scatterers in suspension. This was part of a larger 
study (Adach, 1986) involving the extension of the concept of effective
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geometrical parameters to focused bowl transducers, as a prerequisite for 
studying ultrasonic defocusing in scattering media. The main hydrophone 
used was of similar design to the author's but with a metal body.
CHAPTER TEN 
DISCUSSION AND CONCLUSION
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10. DISCUSSION AND CONCLUSION
10.1 Pursuit of Initial Problem
The introductory Chapter 1, discusses the importance of being able 
to make ultrasonic field measurements, not only for exposimetry, but also 
for the definition of a field in which further measurements are to be 
made. The use of the miniature ultrasonic probe, was identified as a 
powerful tool which appeared to have the potential to make these 
measurements. Unfortunately when this work was started (1978), miniature 
probes lacked scientific assessment of their quality and performance. 
This problem was further gaining importance, at the same time, due to the 
arrival of uncharacterised commercial probes that experimentalists and a 
few enlightened clinicians were attempting to use.
A Pilot Project was thus initiated (Chapter 3) which enabled the 
author to gain experience in the assessment and understanding of these 
probes, via their construction and testing. From this initial insight, a 
set of recommendations and proposals were formulated, to enable a 
systematic study to be undertaken. The realisation of the developments 
and techniques that were made necessary to allow this study to proceed, 
are now detailed below, together with the contributions of the present 
study.
10.2 The Contributions of this Thesis
A comprehensive literature search was undertaken which identified 
the miniature ultrasonic probe as the most suitable device for making 
ultrasonic field measurements. Many different techniques and materials
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of transduction were identified from disparate sources in the search, 
which thereby also identified the lack of systematic construction, testing 
and evaluation of the processes involved. The addition of a review of 
the theoretical modelling methods related to transducer design and 
performance and the methods available for practical probe evaluation, 
allow a complete overview of the subject of ultrasonic detectors (Chapter 
2) which has apparently not been attempted before.
In this first systematic study of hydrophones a number of 
significant developments in both probe construction and testing, have been 
achieved. In probe construction, the philosophy of using a simple design 
where the variables of construction could be identified and investigated 
by being individually varied, was adopted (Chapter 3). In order to have 
results of significance, in the understanding of the changes in the 
responses of the probes to a change in a constructional variable, the 
previously untried procedure of batch production was applied here with 
good effect. Of the variables most likely to affect the probe response, 
that due to uncertainty in the disk element geometry was eliminated by the 
development of a novel disk cutting and assessment procedure, which 
allowad disks of excellent circularity and precisely known area to be 
produced from a single piece of ceramic (Chapter 7). A clearly defined 
construction procedure under controlled conditions and with continuous 
assessment, allowad the subsequent precision manufacture of the probes 
(Chapter 7).
In order to eliminate as many uncertainties as possible in the 
testing of the completed probes, the development of a versatile ultrasonic 
test tank facility under computer control was accomplished. The test 
tank facility was designed by the author to allow greater precision than 
had hitherto been obtained in the mechanical aspects of the probe
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assessment measurements. The test tank (Chapter 4) and microcomputer 
control electronics developed (Chapter 5) contain many novel features. 
These are summarised below.
In the first place stepping motors were used to automate the 
movements of the hydrophone in the tank, allowing 1.8 degree, and 7.5 
micron increments for angular and linear resolution respectively. This 
permitted a systematic and reproducible alignment procedure to be 
developed for positioning probes precisely in the ultrasonic field. This 
procedure was extended with the use of physical aids (i.e. a travelling 
microscope and a specially adapted prism) for the high degree of alignment 
required in directivity measurements.
The majority of the control electronics was built in "card" form 
allowing easy interchange in a popular racking system. This also allows 
extra versatility when complex control experiments require further 
electronics. The electronics were built with high resolution control and 
data-taking in mind (thus, for example, having 12 bit resolution); and 
with sufficient flexibility to cover most of the conceivable experimental 
situations.
The most significant part of the development was that of a fast 
analogue to digital converter, built with state of the art technology, 
although it had a resolution lower (8 bits) than the previously mentioned 
converter, it opened up the measurement area where large numbers of 
readings are required, for example in the planar scanning of pulsed 
ultrasonic fields. Suitable commercial devices were unavailable at the 
time of development.
In order to run the test procedure a comprehensive software suite
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was written, which allowed the control, measurement, simple analysis and 
display of results from most of the test situations envisaged.
This microcomputer controlled test facility caused much interest 
when reported and demonstrated. Many of the main features have been 
adopted by other researchers, including part of the facility at the NPL, 
Teddington. In addition the system has also been used at Surrey 
University by many other researchers to make some of the contributions 
reported in Chapter 9. It should be noted that this was only possible 
due to the author having fully documented, tested and calibrated the 
system.
Measurements of broadband spectral response (using short pulses and 
time delay spectrometry), and directivity were the main tests made on the 
batches of hydrophones. These tests had previously been assessed as to 
their sensitivity to variations of experimental parameters (section 8.3). 
The comprehensive alignment and measurement procedures (section 8.2) were 
then shown to be appropriate for each test. This procedure allowsd very 
high precision, resolution and repeatability of the measurements when used 
in conjunction with the test facility. The directivity measurements in 
particular were able to resolve a fine structured 'spiky' response on a 
"damaged" probe. This structure had not previously been reported, thus 
implying that high angular resolution measurements are necessary for 
identifying this form of probe "damage". The broadband spectral response 
measurements have also proved to be excellent for distinguishing 
"unhealthy" probes that may be unsuitable for certain measurements. It 
can also be seen that the use of careful batch construction and testing 
has enabled a mean representative frequency and directivity response 
characteristic to be identified for each batch (section 8.4), allowing 
aspects of the probes construction to be assessed (section 8.5). In
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particular the use of a high dielectric constant material (for example PZ
26) produces a more sensitive hydrophone.
Applications of the characterised probes, in which the author was 
involved, are reported in Chapter 9. This includes a number of significant 
developments in the scientific understanding of the propagation of 
ultrasound in inhomogeneous materials.
10.3 Potential Future Developments
It is difficult to see how to improve the test facilities and
procedures for the calibration of miniature piezoelectric ceramic 
hydrophones. Some improvement in the calibration measurements used is 
possible with an increase in computer powar. The production of
directivity responses at a precise frequency, by using the FFT technique 
outlined in section 6.3.1, or by extending IDS measurements to capture a 
complete frequency response at each angular increment, may be beneficial. 
In the TDS technique the computer would be required to store the responses 
at each angular increment, a directivity response could then be 
reconstructed by referencing the amplitude at a single frequency, from 
every angular increment scan.
The assessmant and constructional procedures, for instance in 
element production, are undoubtedly of a very high standard. The most 
critical feature of construction is the element mounting on the tube, 
which has given rise to the strange directivity patterns reported in 
section 8.5.3. This difference from theoretical models is probably due to 
the coupling to other modes of vibration from the thickness mode, and may 
be improved by the use of the new plastic/metal backing materials (section
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7.1) recently reported. In terms of ruggedness and life expectancy, the 
probe would benefit from the use of a stainless steel body and use of a 
waterproof epoxy. Measurements of ageing effects could then usefully be 
made. The investment of resources required to investigate these 
suggestions would have to be weighed against the benefits of using ceramic 
compared to PVDF sensitive elements.
The results of producing directivity responses at small frequency 
increments using the previously suggested measurement procedures, may 
allow easier development of a theoretical model that predicts the 
responses of practical probes. The development of this theoretical model 
is outstanding, but is far from a trivial exercise. One approach to its 
solution may be in the use of finite element analysis methods.
Well characterised piezoelectric probes will have a place in the 
experimentalist's armoury for many years to come, while they remain the 
main means of realising both small and sensitive detectors of ultrasound.
Appendix 1: Characteristics of Piezoelectric Material PZ24
and PZ26
Ferroperm Pz-data Pz 24 Pz 26
Mult.
Factor Units
Density > 7.60 7.65 103 kg/fri3
Dielectric k 3 500 1250
Constants tan3 30 30 lo_lt
Elastic Y u 8.4 7.6 IO10 N/fri2
Constants Y33 7.0 6.1 IO10 11
Coupling COCO 62 65 10~2
Coefficients kt. 36 38 II
kp 50 56 I
k3i 30 32 I
Frequency n 3 1600 1800 Hz . m
Constants Nfc 2030 1940 a
Np 2300 2220
«i
1670 1500 11
Piezoelectric d3 3 160 275 10T12 c/to
Constants -d31 70 120 II 11
g33 35 25 10-3 V.m/N
-g3i 15 11 II 11
Curie Temp T > c 330 340 °c
Work range recan. <230 <230 °c
Mechanical Q* >2000 >1000
Appendix 1; Data for Ferroperm Piezoelectric ceramic material
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Appendix 2: Software Libraries
2.1 PLIB
2.2 BLIB
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Appendix 3:
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23
3.24
3.25
Programme Listings
DIRECT
BOXSET
BEAMPLOT
BEAMSET
FBMPLOT
BEAMFSET
SPECTRUM
PEAK
DIRPLOT
SUBANGLP
PROFILE
FFTl
FFTlLOOP
PULSEOUT
PREAD
ONEDPLOT
1WODPLOT
GREADY
BRYPLOT
GPLOT
GLETTER
MINIMA
DISK
DISPLOT
PLATE
A 
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